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(57) Abstract 

An apparatus (14) for controlling and providing force feed- 
back using an interface device manipulated by a user and connected 
to a host computer system (12). A microprocessor (26) is provided 
local to the interface device and reads sensor data from sensors that 
describes the positioning of a user object moved by the user, such 
as a joystick. The microprocessor controls actuators (30) to pro- 
vide forces on the user object. The host computer sends high level 
host commands to the local microprocessor and the microprocessor 
independently implements a local reflex process based on the high 
level command to provide force values to actuators using sensor 
data and other parameters. A host command protocol includes a 
variety of different types of host commands and associated com- 
mand parameters. By providing a relatively small set of high level 
host commands, the protocol further shifts the computational bur- 
den from the host computer to the local microprocessor 
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METHOD AND APPARATUS FOR 
CONTROLLING FORCE FEEDBACK INTERFACE SYSTEMS 
UTILIZING A HOST COMPUTER 

PACKGROUNP ART 

m 

5 The present invention relates generally to interface devices between humans and 

computers, and more particularly to computer interface devices that provide force feedback to the 
user. 

Computer systems are used extensively in many different industries to implement 
computer controlled simulations, games, and other application programs. More particularly, these 

10 types of games and simulations are very popular with the mass market of home consumers. A 
computer system typically displays a visual environment to a user on a display screen or other 
visual output device. Users can interact with the displayed environment to play a game, 
experience a simulation or "virtual reality" environment, or otherwise influence events or images 
depicted on the screen. Such user interaction can be implemented through the use of a human- 

15 computer interface device, such as a joystick, "joypad" button controller, mouse, trackball, stylus 
and tablet, or the like, that is connected to the computer system controlling the displayed 
environment. The computer updates the simulation or game in response to the user's 
manipulation of an object such as a joystick handle or mouse, and provides feedback to the user 
utilizing the display screen and, typically, audio speakers. 

20 In some interface devices, tactile ("haptic") feedback is also provided to the user, more 

generally known as "force feedback." These types of interface devices can provide physical 
sensations to the user manipulating the object of the interface device. Typically, motors or other 
actuators are coupled to the object and are connected to the controlling computer system. The 
computer system can provide forces on the object in conjunction with simulation/game events by 

25 sending control signals to the actuators. The computer system can thus convey physical 
sensations to the user in conjunction with other supplied feedback as the user is grasping or 
contacting the object of the interface device. Force feedback interface devices can thus provide a 
whole new modality for human-computer interaction. 

Force feedback input/output (I/O) devices of the prior art have concentrated on providing 
m 30 maximum haptic fidelity, i.e., the realism of the tactile feedback was desired to be optimized. This 
is because most of the force feedback devices have been targeted at the specific needs of highly 
industrial applications, and not a mass consumer market. To attain such realism, mass market 
design concerns such as low size and weight, low complexity, programming compatibility, low 
cost, and safety have been sacrificed in the prior art. As a result, typical force feedback interface 
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devices include complex robotic mechanisms which require precision components and expensive 
actuators. 

An important concern for a force feedback interface device is communication bandwidth 
between the controlling computer and the interface device. To provide realistic force feedback, the 
complex devices of the prior art typically use high speed communication electronics that allow the 
controlling computer to quickly update force feedback signals to the interface device. The more 
quickly the controlling computer can send and receive signals to and from the interface device, the 
more accurately and realistically the desired forces can be applied on the interface object. In 
addition, using a high bandwidth communication interface, force feedback can be accurately 
coordinated with other supplied feedback, such as images on the video screen, and with user 
inputs such as movement of the object, activated buttons, etc. For example, a user can grasp and 
move a force feedback joystick in a simulation to control an image of a car to drive over a virtual 
bumpy surface displayed on a screen. The controlling computer should provide control signals to 
the actuators of the joy stick quickly enough so that the surface feels as realistically bumpy as the 
designer of the simulation intended. If the control signals are too slow, a realistic feeling of 
bumpiness is more difficult to provide. Also, the controlling computer needs a high bandwidth 
communication interface to accurately coordinate the supplied forces with the visual feedback on 
the screen, such as the moment on the screen when the car first contacts the bumpy surface. This 
high speed is likewise needed to accurately coordinate supplied forces with any input from the 
user, for example, to steer the car in particular directions. 

A problem is evident when prior ait force feedback interface devices are provided to the 
mass consumer market. Most home computers have a built-in standard serial communication 
interfaces, such as an RS-232 or RS-422 interface, that may conveniently be used to connect 
peripherals like a force feedback interface device to the host computer. In addition, manufacturers 
prefer to provide peripheral devices that use these serial interfaces, since no additional hardware, 
such as interface cards, needs to be provided with such peripherals. The manufacturing cost of the 
peripheral device can thus be significantly reduced. However, these standard serial 
communication interfaces are typically quite slow (i.e. have low bandwidth) compared to other 
communication interfaces. Realistic and accurate force feedback thus becomes difficult to provide 
by a controlling computer system to a prior art interface device connected through such a serial 
interface. For example, U.S. Patent 5,184,319, by J. Kramer, describes a force feedback device 
that applies forces to a user's body parts. However, the Kramer device is typical of the prior art in 
that the host computer directly controls the actuators and directly receives the sensor data from the 
interface apparatus. Such a device is not suitable for a low bandwidth communication interface to 
achieve realistic force feedback. 
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Another problem with using prior art force feedback interface devices in the mass 
consumer market is the wide variety of computer platforms and processing speeds that are used 
on different computers and on the same computer at different times. The force sensations 
provided to a user by a force feedback interface device may feel different to a user on different 
computer platforms or microprocessors, since these different computers run at different speeds. 
For example, the force feedback controlled by a 100 MHz computer may be much different from 
the force feedback controlled by a 60 MHz computer due to the different rates of processing 
control signals, even though these forces are intended to feel the same. In addition, the effective 
processing speed of one microprocessor can vary over time to provide inconsistent forces over 
multiple user sessions. For example, multitasking can vary or delay a microprocessors 
management of force feedback control signals depending on other programs that are running on 
the microprocessor. 

In addition, there is no standardized language or communication protocol for 
communicating with force feedback devices. A software developer that wishes to provide force 
feedback to an interface in a software application must currently set up his or her own specialized 
commands and/or communications protocols and must implement the force feedback controlling 
instructions at a low level. This requires unnecessary time and expense in the development of 
software applications that include features directed toward force feedback interfaces. 

Therefore, a more realistic and cost effective alternative to force feedback interfaces and 
force feedback control paradigms is desired for certain applications. 
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SU MMARY OF THE INVENTION 

The present invention is directed to controlling and providing force feedback to a user 
operating a human/computer interface device. The interface device is connected to a controlling 
host computer and includes a separate microprocessor local to the interface device. The local 
5 microprocessor allows high-speed control of forces to the interface device, thus increasing the 
realism and accuracy of provided forces over a slow communication interface with the host 
computer. 

More particularly, a system and method of the present invention for controlling an 
interface apparatus manipulated by a user includes a host computer system for receiving an input 

10 control signal and for providing a host output control signal. The host computer updates a host 
application process, such as a simulation or video game process, in response to the input control 
signal. A microprocessor local to the interface apparatus and separate from the host computer 
receives the host output control signal and provides a processor output control signal. An actuator 
receives the processor output control signal and provides a force along a degree of freedom to a 

15 user-manipulated object coupled to the actuator in accordance with the processor output control 
signal. A sensor detects motion of the object along the degree of freedom and outputs the input 
control signal including information representative of the position and motion of said object. 
Preferably, the sensor outputs the input control signal to the local processor, which outputs the 
input control signal to the host computer. The user object is preferably grasped and moved by the 

20 user in one or more degrees of freedom, and can include such articles as a joystick, mouse, 
simulated medical instrument, stylus, or other object. 

In one host-controlled embodiment, the host computer receives sensor information in the 
input control signal and determines the values of the forces. The host output control signal thus is 
the determined direct force command that is relayed through the microprocessor directly to the 

25 actuator. In a second, "reflex ,, embodiment, the host computer receives the sensor information in 
a supervisory mode and outputs a high level force command to the microprocessor whenever a 
force is required to be applied to the user object or changed. In accordance with the high level host 
command, the microprocessor reads sensor and timing data and outputs low level force 
commands to the actuator according to a selected reflex process. The reflex process can include 

30 using force equations, reading force profiles of predetermined force values from a storage device, 
or other steps, and may be dependent on sensor data, timing data, host command data, or other 
data. The processor thus implements a "reflex" to control forces independently of the host 
computer until the host computer changes the type of force applied to the user object. 
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A magnitude of the force provided by the actuator is determined by the host computer or 
the local microprocessor. This magnitude can be determined from parameters including the 
position, velocity, and/or the acceleration of the object in particular degrees of freedom, and timing 
data from the clock. The force can thus simulate different types of forces such as a spring force, 
damping force, or inertia force. 

The application process updated by the host computer system preferably includes 
application software that can be simulation software, game software, scientific software, etc. The 
host computer system displays images on a visual output device such as a display screen and 
synchronizes the images and visual events with the position and motion input from the user 
manipulating the object as well as forces applied to the object. The host computer also preferably 
synchronizes the timing and magnitude of audio feedback with force feedback. The present 
invention can use a standard serial interface included on many computers to interface the host 
computer system with the local microprocessor. Alternatively, a parallel interface can be used, or 
a serial interface used in conjunction with a different interface on the host computer, such as a 
game port. A clock is preferably coupled to the host computer system or the local processor - 
which can be accessed to determine, in part, the force output by the actuator. 

The invention also provides a paradigm for force commands between the host computer and 
the local microprocessor. The high level host commands provided by the host computer can be rate 
control and/or position control commands, and may include information in the form of command 
parameters. By providing a relatively small set of commands and command parameters which are 
translated into a panoply of forces, the paradigm further shifts the computational burden from the 
host computer to the local microprocessor. Host commands may include commands to provide 
forces on the user object such as restoring forces, vibration forces, texture forces, a barrier forces, 
attractive/repulsive force fields, damping forces, groove forces, and a paddle-ball force. Typical 
command parameters include a magnitude parameter, a duration parameter, a direction parameter, a 
style parameter, and a button parameter to control the force output by the actuator. This provides a 
high level, standard force feedback command protocol for the efficient use by developers of force 
feedback software to be implemented on the host computer system. 

A preferred implementation of the functionality of the local microprocessor is also 
provided. A command process receives a host command from the host computer and processes 
the host command and any included command parameters. Force parameters are derived from 
the host command and the parameters and are stored in memory. Preferably, every host 
command has a set of force parameters associated with it to be updated when the appropriate host 
command is received. A status update process reads sensor data from the sensors describing a 
motion of the user object and can also compute velocity, acceleration, or other time-related values 
if appropriate. A force output process computes a force value using a reflex process selected in 

5 
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accordance with the force parameters and the sensor data. In some instances, the force value may 
depend on the values of the force parameters and sensor data. The force output process outputs a 
force on the user object by sending the computed force value to the actuators. In addition, a 
reporting process reports the sensor data to the host computer system when appropriate. 
5 Preferably, a plurality of host commands can be in effect simultaneously, where a force value is 
summed from a reflex process corresponding to each such host command in effect. Also, 
parameter page(s) of sets of parameters can conveniently be stored in memory to allow different 
force environments to be selected. 

The control system and method of the present invention advantageously includes a 
10 separate microprocessor local to the interface device that is separate from the host computer 
system. The local microprocessor can read and process sensor signals as well as output force 
command signals independently of the host computer, thus saving significant processing time on 
the host computer. In addition, the use of the local processor to handle low-level force feedback 
commands allows more realistic and accurate force feedback to be provided to an object 
15 manipulated by a user when using a serial or other relatively low -band width communication 
interface between the host and the interface device, since such low level force signals do not have 
to be transmitted over the communication interface. The use of a clock when generating force 
feedback commands in view of absolute timing information allows force sensations to be 
consistently experienced by users across different host computer platforms and at different 
20 sessions on the same host computer. The use of specific, high level host commands to command 
a variety of types of forces allows force feedback host applications to be easily created. These 
improvements allow a computer system to provide accurate and realistic force feedback over a 
low-cost, low bandwidth communication interface and is thus ideal for the mass market of home 
computer systems. 

25 These and other advantages of the present invention will become apparent to those skilled 

in the art upon a reading of the following specification of the invention and a study of the several 
figures of the drawing. 
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mwv description or the pra wings 

Figure 1 is a block diagram of a control system in accordance with the present invention 
for controlling a force feedback interface device from a host computer; 

5 Figure 2 is a schematic diagram of an actuator interface for providing control signals to an 

active actuator for the present invention; 

Figure 3 is a schematic diagram of an actuator interface for providing control signals to a 
passive actuator for the present invention; 

Figure 4 is a flow diagram illustrating a first embodiment of a method of the present 
10 invention for controlling a force feedback interface device; 

, Figure 5 is a flow diagram illustrating a second embodiment of a method of the present 
invention for controlling a force feedback interface device; 

Figure 6 is a schematic diagram of a closed loop five bar linkage mechanism for providing 
two degrees of freedom to the user object of the interface device; 

15 Figure 7 is a perspective view of a preferred embodiment of the linkage mechanism 

shown in Figure 6; 

Figure 8 is a perspective view of a slotted yoke joystick embodiment of a mechanical 
interface for the user object; 

Figure 9 is a table summarizing rate control commands of the present invention; 
20 Figures lOa-c are diagrammatic representations of restoring force profiles; 

Figures 1 1 a-c are diagrammatic representations of restoring spring force profiles; 

Figure 12 is a diagrammatic representation of a vector force; 

Figures 13a-b are diagrammatic representations of vibration force profiles; 

Figure 14 is a table summarizing position control commands of the present invention; 
25 Figure 15 is a diagrammatic representation of a groove force profile; 
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Figure 1 6 is a diagrammatic representation of a barrier force profile; 

Figures 17a-17i are diagrammatic illustrations of a paddle and ball interaction controlled by a 
paddle command of the present invention ; 

Figure 1 8 is a block diagram illustrating an implementation of the local microprocessor of the 
present invention for controlling a force feedback interface device with host commands containing 
parameters; 

Figure 19 is a flow diagram illustrating a host communication background process of Figure 

Figure 20 is a flow diagram illustrating a command process of Figure 18; 

Figure 21 is a flow diagram illustrating a reporting process of Figure 18; 

Figure 22 is a flow diagram illustrating force algorithm computation and actuator control 
process of Figure 18; and 

Figure 23 is a diagrammatic representation of force parameters and a sequence of force 
commands as used in the present invention. 



force parameters; 
18; 
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PEST MOPES FOR CARR YING OU T INVEN TIO N 

Figure 1 is a block diagram illustrating a generic control system 10 of the present 
invention for an interface device controlled by a host computer system. Control system 10 
includes a host computer system 12 and an interface device 14. 

Host computer system 1 2 is preferably a personal computer, such as an IBM-compatible 
or Macintosh personal computer, or a workstation, such as a SUN or Silicon Graphics 
workstation. For example, the host computer system can a personal computer which operates 
under the MS-DOS or Windows operating systems in conformance with an IBM PC AT 
standard. Alternatively, host computer system 1 2 can be one of a variety of home video game 
systems commonly connected to a television set, such as systems available from Nintendo, Sega, 
or Sony. In other embodiments, home computer system 12 can be a "set top box" which can be 
used, for example, to provide interactive television functions to users. 

In the described embodiment, host computer system 12 implements a host application 
program with which a user 22 is interacting via peripherals and interface device 14. For example, 
the host application program can be a video game, medical simulation, scientific analysis 
program, or even an operating system or other application program that utilizes force feedback. 
Typically, the host application provides images to be displayed on a display output device, as 
described below, and/or other feedback, such as auditory signals. 

Host computer system 12 preferably includes a host microprocessor 16, random access 
memory (RAM) 17, read-only memory (ROM) 19, a clock 18, a display screen 20, and an audio 
output device 21. Host microprocessor 16 can include a variety of available microprocessors 
from Intel, Motorola, or other manufacturers. Microprocessor 16 can be single microprocessor 
chip, or can include multiple primary and/or co-processors. Microprocessor preferably retrieves 
and stores instructions and other necessary data from RAM 17 and ROM 19, as is well known to 
those skilled in the art. In the described embodiment, host computer system 12 can receive sensor 
data or a sensor signal via a bus 24 from sensors of interface device 14 and other information. 
Microprocessor 16 can receive data from bus 24 using standard I/O electronics provided between 
the microprocessor 16 and the bus 24, and can also use the I/O electronics to control other 
peripheral devices. Host computer system 12 can also output a "force command" to interface 
device 14 via bus 24 to cause force feedback for the interface device. 

Clock 18 is a standard clock crystal or equivalent component used by host computer 
system 12 to provide timing to electrical signals used by microprocessor 16 and other 
components of the computer system. Clock 18 is accessed by host computer system 12 in the 
control process of the present invention, as described subsequently. 
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Display screen 20 is coupled to host microprocessor 16 by suitable display drivers and can 
be used to display images generated by host computer system 12 or other computer systems. 
Display screen 20 can be a standard display screen or CRT, 3-D goggles, or any other visual 
interface. In a described embodiment, display screen 20 displays images of a simulation or game 
5 environment. In other embodiments, other images can be displayed. For example, images 
describing a point of view from a first-person perspective can be displayed, as in a virtual reality 
simulation or game. Or, images describing a third-person perspective of objects, backgrounds, 
etc. can be displayed. A user 22 of the host computer 12 and interface device 14 can receive 
visual feedback by viewing display screen 20. 

10 Herein, computer 12 may be referred as displaying computer "objects" or "entities". 

These computer objects are not physical objects, but is a logical software unit collections of data 
and/or procedures that may be displayed as images by computer 12 on display screen 20, as is 
well known to those skilled in the art. For example, a cursor or a third-person view of a car might 
be considered player-controlled computer objects that can be moved across the screen. A 

15 displayed, simulated cockpit of an aircraft might also be considered an "object", or the simulated 
aircraft can be considered a computer controlled "entity". 

Audio output device 21, such as speakers, is preferably coupled to host microprocessor 16 
via amplifiers, filters, and other circuitry well known to those skilled in the art. Host processor 16 
outputs signals to speakers 21 to provide sound output to user 22 when an "audio event" occurs 
20 during the implementation of the host application program. Other types of peripherals can also be 
coupled to host processor 16, such as storage devices (hard disk drive, CD ROM drive, floppy 
disk drive, etc.), printers, and other input and output devices. 

An interface device 14 is coupled to host computer system 12 by a bi-directional bus 24. 
The bi-directional bus sends signals in either direction between host computer system 1 2 and the 

25 interface device. Herein, the term "bus" is intended to generically refer to an interface such as 
between host computer 12 and microprocessor 26 which typically includes one or more 
connecting wires or other connections and that can be implemented in a variety of ways, as 
described below. In the preferred embodiment, bus 24 is a serial interface bus providing data 
according to a serial communication protocol. An interface port of host computer system 12, 

30 such as an RS232 serial interface port, connects bus 24 to host computer system 12. Other 
standard serial communication protocols can also be used in the serial interface and bus 24, such 
as RS-422, Universal Serial Bus (USB), MIDI, or other protocols well known to those skilled in 
the art. 

For example, the USB standard provides a relatively high speed serial interface that can 
35 provide force feedback signals in the present invention with a high degree of realism. USB can 

10 
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also source more power to drive peripheral devices. Since each device that accesses the USB is 
assigned a unique USB address by the host computer, this allows multiple devices to share the 
same bus. In addition, the USB standard includes timing data that is encoded along with 
differential data. The USB has several useful features for the present invention, as described 
5 throughout this specification. 

An advantage of the present invention is that low-bandwidth serial communication signals 
can be used to interface with interface device 14, thus allowing a standard built-in serial interface 
of many computers to be used directly. Alternatively, a parallel port of host computer system 12 
can be coupled to a parallel bus 24 and communicate with interface device using a parallel 

10 protocol, such as SCSI or PC Parallel Printer Bus. In a different embodiment, bus 24 can be 
connected directly to a data bus of host computer system 12 using, for example, a plug-in card 
and slot or other access of computer system 12. For example, on an IBM AT compatible 
computer, the interface card can be implemented as an ISA, EISA, VESA local bus, PCI, or other 
well-known standard interface card which plugs into the motherboard of the computer and 

15 provides input and output ports connected to the main data bus of the computer. 

In another embodiment, an additional bus 25 can be included to communicate between 
host computer system 12 and interface device 14. Since the speed requirement for 
communication signals is relatively high for outputting force feedback signals, the single serial 
interface used with bus 24 may not provide signals to and from the interface device at a high 

20 enough rate to achieve realistic force feedback. In such an embodiment, bus 24 can be coupled to 
the standard serial port of host computer 12, while an additional bus 25 can be coupled to a second 
port of the host computer system. For example, many computer systems include a "game port" 
in addition to a serial RS-232 port to connect a joystick or similar game controller to the computer. 
The two buses 24 and 25 can be used simultaneously to provide a increased data bandwidth. For 

25 example, microprocessor 26 can send sensor signals to host computer 1 2 via a uni-directional bus 
25 and a game port, while host computer 12 can output force feedback signals from a serial port 
to microprocessor 26 via a uni-directional bus 24. Other combinations of data flow 
configurations can be implemented in other embodiments. 

Interface device 14 includes a local microprocessor 26, sensors 28, actuators 30, a user 
30 object 34, optional sensor interface 36, an optional actuator interface 38, and other optional input 
devices 39. Interface device 14 may also include additional electronic components for 
communicating via standard protocols on bus 24. In the preferred embodiment, multiple interface 
devices 14 can be coupled to a single host computer system 12 through bus 24 (or multiple buses 
24) so that multiple users can simultaneously interface with the host application program (in a 
35 multi-player game or simulation, for example). In addition, multiple players can interact in the 
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host application program with multiple interface devices 14 using networked host computers 12, 
as is well known to those skilled in the art. 

Local microprocessor 26 is coupled to bus 24 and is preferably included within the 
housing of interface device 14 to allow quick communication with other components of the 
5 interface device. Processor 26 is considered "local" to interface device 14, where "local" herein 
refers to processor 26 being a separate microprocessor from any processors in host computer 
system 12. "Local" also preferably refers to processor 26 being dedicated to force feedback and 
sensor I/O of interface device 14, and being closely coupled to sensors 28 and actuators 30, such 
as within the housing for interface device or in a housing coupled closely to interface device 14. 

10 Microprocessor 26 can be provided with software instructions to wait for commands or requests 
from computer host 16, decode the command or request, and handle/control input and output 
signals according to the command or request. In addition, processor 26 preferably operates 
independently of host computer 16 by reading sensor signals and calculating appropriate forces 
from those sensor signals, time signals, and a reflex process (also referred to as a "subroutine" or 

15 "force sensation process" herein) selected in accordance with a host command. Suitable 
microprocessors for use as local microprocessor 26 include the MC68HC71 1E9 by Motorola and 
the PIC16C74 by Microchip, for example. Microprocessor 26 can include one microprocessor 
chip, or multiple processors and/or co-processor chips. In other embodiments, microprocessor 
26 can includes a digital signal processor (DSP) chip. Local memory 27, such as RAM and/or 

20 ROM, is preferably coupled to microprocessor 26 in interface device 14 to store instructions for 
microprocessor 26 and store temporary and other data. Microprocessor 26 can receive signals 
from sensors 28 and provide signals to actuators 30 of the interface device 14 in accordance with 
instructions provided by host computer 12 over bus 24. 

In addition, a local clock 29 can be coupled to the microprocessor 26 to provide timing 
25 data, similar to system clock 18 of host computer 12; the timing data might be required, for 
example, to compute forces output by actuators 30 (e.g., forces dependent on calculated velocities 
or other time dependent factors). In alternate embodiments using the USB communication 
interface, timing data for microprocessor 26 can be retrieved from USB signal. The USB has a 
clock signal encoded with the data stream which can be used. Alternatively, the Isochronous 
30 (stream) mode of USB can be used to derive timing information from the standard data transfer 
rate. The USB also has a Sample Clock, Bus Clock, and Service Clock that also may be used. 

For example, in one embodiment, host computer 12 can provide low-level force 
commands over bus 24, which microprocessor 26 directly provides to actuators 30. This 
embodiment is described in greater detail with respect to Figure 4. In a different embodiment, 
35 host computer system 12 can provide high level supervisory commands to microprocessor 26 
over bus 24, and microprocessor 26 manages low level force control ("reflex") loops to sensors 
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28 and actuators 30 in accordance with the high level commands. This embodiment is described 
in greater detail with respect to Figure 5. 

Microprocessor 26 preferably also has access to an electrically erasable programmable 
ROM (EEPROM) or other memory storage device 27 for storing calibration parameters. The 
calibration parameters can compensate for slight manufacturing variations in different physical 
properties of the components of different interface devices made from the same manufacturing 
process, such as physical dimensions. The calibration parameters can be determined and stored 
by the manufacturer before the interface device 14 is sold, or optionally, the parameters can be 
determined by a user of the interface device. The calibration parameters are used by processor 26 
to modify the input sensor signals and/or output force values to actuators 30 to provide 
approximately the same range of forces on object 34 in a large number of manufactured interface 
devices 14. The implementation of calibration parameters is well-known to those skilled in the 

art- 
Microprocessor 26 can also receive commands from any other input devices included on ' 
interface apparatus 14 and provides appropriate signals to host computer 12 to indicate that the 
input information has been received and any information included in the input information. For 
example, buttons, switches, dials, or other input controls on interface device 14 or user object 34 
can provide signals to microprocessor 26. 

In the preferred embodiment, sensors 28, actuators 30, and microprocessor 26, and 
other related electronic components are included in a housing for interface device 14, to which 
user object 34 is directly or indirectly coupled. Alternatively, microprocessor 26 and/or other 
electronic components of interface device 14 can be provided in a separate housing from user 
object 34, sensors 28, and actuators 30. Also, additional mechanical structures may be included in 
interface device 14 to provide object 34 with desired degrees of freedom. Some embodiments of 
such mechanisms are described with reference to Figures 7-12. 

Sensors 28 sense the position, motion, and/or other characteristics of a user object 34 of 
the interface device 14 along one or more degrees of freedom and provide signals to 
microprocessor 26 including information representative of those characteristics. Examples of 
embodiments of user objects and movement within provided degrees of freedom are described 
subsequently with respect to Figures 7 and 8. Typically, a sensor 28 is provided for each degree 
of freedom along which object 34 can be moved. Alternatively, a single compound sensor can be 
used to sense position or movement in multiple degrees of freedom. An example of sensors 
suitable for several embodiments described herein are digital optical encoders, which sense the 
change in position of an object about a rotational axis and provide digital signals indicative of the 
change in position. The encoder, for example, responds to a shaft's rotation by producing two 
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phase-related signals in the rotary degree of freedom. Linear optical encoders similarly sense the 
change in position of object 34 along a linear degree of freedom, and can produces the two phase- 
related signals in response to movement of a linear shaft in the linear degree of freedom. Either 
relative or absolute sensors can be used. For example, relative sensors only provide relative angle 

5 information, and thus usually require some form of calibration step which provide a reference 
position for the relative angle information. The sensors described herein are primarily relative 
sensors. In consequence, there is an implied calibration step after system power-up wherein a 
sensor's shaft is placed in a known position within interface device and a calibration signal is 
provided to the system to provide the reference position mentioned above. All angles provided by 

10 the sensors are thereafter relative to that reference position. Alternatively, a known index pulse 
can be provided in the relative sensor which can provide a reference position. Such calibration 
methods are well known to those skilled in the art and, therefore, will not be discussed in any 
great detail herein. A suitable optical encoder is the "Softpot" from U.S. Digital of Vancouver, 
Washington. 

15 Sensors 28 provide an electrical signal to an optional sensor interface 36, which can be 

used to convert sensor signals to signals that can be interpreted by the microprocessor 26 and/or 
host computer system 1 2. For example, sensor interface 36 receives the two phase-related signals 
from a sensor 28 and converts the two signals into another pair of clock signals, which drive a bi- 
directional binary counter. The output of the binary counter is received by microprocessor 26 as a 

20 binary number representing the angular position of the encoded shaft. Such circuits, or equivalent 
circuits, are well known to those skilled in the art; for example, the Quadrature Chip LS71 66 from 
Hewlett Packard, California performs the functions described above. Each sensor 28 can be 
provided with its own sensor interface, or one sensor interface may handle data from multiple 
sensors. For example a sensor interface can include a separate processing chip dedicated to each 

25 sensor 28 that provides input data. Alternately, microprocessor 26 can perform these interface 
functions without the need for a separate sensor interface 36. The position value signals can be 
used by microprocessor 26 and are also sent to host computer system 12 which updates the host 
application program and sends force control signals as appropriate. For example, if the user 
moves a steering wheel object 34, the computer system 12 receives position and/or other signals 

30 indicating this movement and can move a displayed point of view of the user as if looking out a 
vehicle and turning the vehicle. Other interface mechanisms can also be used to provide an 
appropriate signal to host computer system 12. In alternate embodiments, sensor signals from 
sensors 28 can be provided directly to host computer system 12, bypassing microprocessor 26. 
Also, sensor interface 36 can be included within host computer system 12, such as on an interface 

35 board or card. 
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Alternatively, an analog sensor can be used instead of digital sensor for all or some of the 
sensors 28. For example, a strain gauge can be connected to measure forces on object 34 rather 
than positions of the object. Also, velocity sensors and/or accelerometers can be used to directly 
measure velocities and accelerations on object 34. Analog sensors can provide an analog signal 
representative of the position/velocity/acceleration of the user object in a particular degree of 
freedom. An analog to digital converter (ADC) can convert the analog signal to a digital signal 
that is received and interpreted by microprocessor 26 and/or host computer system 12, as is well 
known to those skilled in the art. The resolution of the detected motion of object 34 would be 
limited by the resolution of the ADC. However, noise can sometimes mask small movements of 
object 34 from an analog sensor, which can potentially mask the play that is important to some 
embodiments of the present invention (described subsequently). 

Other types of interface circuitry 36 can also be used. For example, an electronic interface 
with a separate processing chip for each sensor can be used. The interface allows the position of 
the mouse or stylus to be tracked and provides force feedback to the stylus using sensors and 
actuators. Sensor interface 36 can include angle determining chips to pre-process angle signals 
reads from sensors 28 before sending them to the microprocessor 26. For example, a data bus 
plus chip-enable lines allow any of the angle determining chips to communicate with the 
microprocessor. A configuration without angle-determining chips is most applicable in an 
embodiment having absolute sensors, which have output signals directly indicating the angles 
without any further processing, thereby requiring less computation for the microprocessor 26 and 
thus little if any pre-processing. If the sensors 28 are relative sensors, which indicate only the 
change in an angle and which require further processing for complete determination of the angle, 
then angle-determining chips are more appropriate. 

Actuators 30 transmit forces to user object 34 of the interface device 14 in one or more 
directions along one or more degrees of freedom in response to signals received from 
microprocessor 26. Typically, an actuator 30 is provided for each degree of freedom along which 
forces are desired to be transmitted. Actuators 30 can include two types: active actuators and 
passive actuators. 

Active actuators include linear current control motors, stepper motors, 
pneumatic/hydraulic active actuators, and other types of actuators that transmit a force to move an 
object. For example, active actuators can drive a rotational shaft about an axis in a rotary degree of 
freedom, or drive a linear shaft along a linear degree of freedom. Active transducers of the 
present invention are preferably bi-directional, meaning they can selectively transmit force along 
either direction of a degree of freedom. For example, DC servo motors can receive force control 
signals to control the direction and torque (force output) that is produced on a shaft. The motors 
may also include brakes which allow the rotation of the shaft to be halted in a short span of time. 
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Other types of active motors can also be used, such as a stepper motor controlled with pulse width 
modulation of an applied voltage, pneumatic/hydraulic actuators, a torquer (motor with limited 
angular range), or a voice coil actuator, which are well known to those skilled in the art. 

Passive actuators can also be used for actuators 30. Magnetic particle brakes, friction 
brakes, or pneumatic/hydraulic passive actuators can be used in addition to or instead of a motor 
to generate a damping resistance or friction in a degree of motion. An alternate preferred 
embodiment only including passive actuators may not be as realistic as an embodiment including 
motors; however, the passive actuators are typically safer for a user since the user does not have to 
fight generated forces. Passive actuators typically can only provide bi-directional resistance to a 
degree of motion. A suitable magnetic particle brake for interface device 14 is available from 
Force Limited, Inc. of Santa Monica, California. 

In alternate embodiments, all or some of sensors 28 and actuators 30 can be included 
together as a sensor/actuator pair transducer. A suitable transducer for the present invention 
including both an optical encoder and current controlled motor is a 20 W basket wound servo 
motor manufactured by Maxon. 

Actuator interface 38 can be optionally connected between actuators 30 and 
microprocessor 26. Interface 38 converts signals from microprocessor 26 into signals appropriate 
to drive actuators 30. Interface 38 can include power amplifiers, switches, digital to analog 
controllers (DACs), and other components. An example of an actuator interface for active 
actuators is described with reference to Figure 2. An example of an actuator interface for passive 
actuators is described with reference to Figure 3. In alternate embodiments, interface 38 circuitry 
can be provided within microprocessor 26 or in actuators 30. 

Other input devices 39 can optionally be included in interface device 14 and send input 
signals to microprocessor 26. Such input devices can include buttons, dials, switches, or other 
mechanisms. For example, in embodiments where user object 34 is a joystick, other input 
devices can include one or more buttons provided, for example, on the joystick handle or base and 
used to supplement the input from the user to a game or simulation. The operation of such input 
devices is well known to those skilled in the art. 

Power supply 40 can optionally be coupled to actuator interface 38 and/or actuators 30 to 
provide electrical power. Active actuators typically require a separate power source to be driven. 
Power supply 40 can be included within the housing of interface device 14, or can be provided as 
a separate component, for example, connected by an electrical power cord. 

Alternatively, if the USB or a similar communication protocol is used, interface device 14 
can draw power from the USB and thus have no need for power supply 40. This embodiment is 
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most applicable to a device 14 having passive actuators 30, since passive actuators require little 
power to operate. Active actuators tend to require more power than can be drawn from USB, but 
this restriction can be overcome in a number of ways. One way is to configure interface 14 to 
appear as more than one peripheral to host computer 12; for example, each provided degree of 
freedom of user object 34 can be configured as a different peripheral and receive its own allocation 
of power. This would allow host 12 to allocate more power to interface device 14. Alternatively, 
power from the USB can be stored and regulated by interface device 14 and thus used when 
needed to drive actuators 30. For example, power can be stored over time and then immediately 
dissipated to provide a jolt force to the user object 34. A capacitor circuit, for example, can store 
the energy and dissipate the energy when enough power has been stored. Microprocessor may 
have to regulate the output of forces to assure that time is allowed for power to be stored. This 
power storage embodiment can also be used in non-USB embodiments of interface device 14 to 
allow a smaller power supply 40 to be used. 

Safety switch 41 is preferably included in interface device to provide a mechanism; to 
allow a user to override and deactivate actuators 30, or require a user to activate actuators 30, for 
safety reasons. Certain types of actuators, especially active actuators such as motors, can pose a 
safety issue for the user if the actuators unexpectedly move user object 34 against the user with a 
strong force. In addition, if a failure in the control system 10 occurs, the user may desire to 
quickly deactivate the actuators to avoid any injury. To provide this option, safety switch 41 is 
coupled to actuators 30. In the preferred embodiment, the user must continually activate or close 
safety switch 41 during operation of interface device 14 to activate the actuators 30. If, at any 
time, the safety switch is deactivated (opened), power from power supply 40 is cut to actuators 30 
(or the actuators are otherwise deactivated) as long as the safety switch is deactivated. For 
example, a preferred embodiment of safety switch is an optical switch located on user object 34 
(such as a joystick) or on a convenient surface of a housing enclosing interface device 14. When 
the user covers the optical switch with a hand or finger, the sensor of the switch is blocked from 
sensing ambient light, and the switch is closed. The actuators 30 thus will function as long as the 
user covers the switch. Other types of safety switches 41 can be provided in other embodiments. 
For example, an electrostatic contact switch can be used to sense contact, a button or trigger can be 
pressed, or a different type of sensor switch can be used. 

User object 34 is preferably a device or article that may be grasped or otherwise contacted 
or controlled by a user and which is coupled to interface device 14. By "grasp", it is meant that 
users may releasably engage a grip portion of the object in some fashion, such as by hand, with 
their fingertips, or even orally in the case of handicapped persons. The user 22 can manipulate 
and move the object along provided degrees of freedom to interface with the host application 
program the user is viewing on display screen 20. Object 34 can be a joystick, mouse, trackball. 
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stylus, steering wheel, medical instrument (laparoscope, catheter, etc.), pool cue, hand grip, knob, 
button, or other article. 

Figure 2 is a schematic diagram illustrating an example of an actuator interface 38 for an 
active actuator 30 of interface device 14. In this example, actuator 30 is a linear current controlled 
servo motor. Actuator interface 38 includes a DAC circuit 44 and a power amplifier circuit 46. 

DAC circuit 44 is coupled to microprocessor 26 and preferably receives a digital signal 
representing a force value from the microprocessor 26. DAC 48 is suitable for converting an 
input digital signal to an analog voltage that is output to power amplifier circuit 46. A suitable 
DAC 48 is a parallel DAC, such as the DAC 1220 manufactured by National Semiconductor, 
which is designed to operate with external generic op amp 50. Op amp 50, for example, outputs a 
signal from zero to -5 volts proportional to the binary number at its input. Op amp 52 is an 
inverting summing amplifier that converts the output voltage to a symmetrical bipolar range. Op 
amp 52 produces an output signal between -2.5 V and +2.5 V by inverting the output of op amp 
50 and subtracting 2.5 volts from that output; this output signal is suitable for power amplification 
in amplification circuit 46. As an example, Rl = 200 kW and R2 = 400 kW. Of course, DAC 
circuit 44 is intended as one example of many possible circuits that can be used to convert a digital 
signal to a desired analog signal. 

Power amplifier circuit 46 receives an analog low-power control voltage from DAC circuit 
44 and amplifies the voltage to control actuators 30. Actuator 30 can be a high-power, current- 
controlled servo motor 30. The input voltage controls a transconductance stage composed of 
amplifier 54 and several resistors. The transconductance stage produces an output current 
proportional to the input voltage to drive motor 30 while drawing very little current from the input 
voltage source. The second amplifier stage, including amplifier 56, resistors, and a capacitor C, 
provides additional current capacity by enhancing the voltage swing of the second terminal 57 of 
motor 30. As example values for power amplifier circuit 46, R = 10 kW , R2 = 500 W, R3 = 
9.75 kW, and R4 = 1 W. Of course, circuit 46 is intended as one example of many possible 
circuits that can be used to amplify voltages to drive active actuators 30. 

Figure 3 is a schematic diagram illustrating an example of an actuator interface 38' that can 
be used in conjunction with passive actuators. Interface 38' is suitable for use with passive 
actuators (dampers) that are controlled with an analog voltage, such as magnetic particle brakes or 
a variable solenoid that can be used with fluid controlled passive dampers, for example. Interface 
38' includes a DAC circuit 44, amplifier 60. transistor 62, and voltage protector 64. DAC circuit 
44 is coupled to microprocessor 26 and receives a digital signal from the computer system 
representing a resistive force value to be applied to user object 34. DAC circuit 44 converts the 
digital signal voltages to analog voltages which are then output to amplifier 60. A suitable DAC is 
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the MAX530ACNG manufactured by Maxim, or DAC circuit 44 as described above with 
reference to Figure 2. Amplifier 60 receives the analog voltage from DAC 44 on a positive 
terminal and scales the voltage signal to a range usable by actuator 30. Amplifier 60 can be 
implemented as an operational amplifier or the like. Transistor 62 is coupled to the output of 
5 amplifier 60 and preferably operates as an amplifier to provide increased output current to actuator 
30. Resistor Rl is coupled between amplifier 60 and the emitter of transistor 62, and resistor R2 
is coupled between amplifier 60 and ground. For example, resistors Rl and R2 can have values 
of 180 kQ and 120 kQ, respectively, and provide the proper biasing in the circuit. Voltage 
protector 64 is coupled to the emitter of transistor 62 and provides protection from voltage spikes 

10 when using inductive loads. Suitable passive actuators 30 for use with this circuitry includes 
variable solenoids or magnetic particle brakes. A separate DAC and amplifier can be used for 
each actuator 30 implemented in the interface apparatus so the microprocessor 26 and/or host 
computer system 12 can control each actuator separately for each provided degree of freedom. 
Interface 38' is intended as one example of many possible circuits that can be used to interface a 

15 computer system to actuators. 

In an alternate embodiment, an on/off signal might only be needed, for example, for a 
solenoid driving an on/off valve of a fluid-controlled actuator. In such an embodiment, for 
example, a transistor can be electrically coupled to microprocessor 26 at its base terminal to 
operate as an electrical switch for controlling the activation of a solenoid in the on/off actuator 30. 
20 A force signal such as a TTL logic signal can be sent to control the transistor to either allow 
current to flow through the solenoid to activate it and allow free movement of object 43, or to 
allow no current to flow to deactivate the solenoid and provide resistance to movement. 

Figure 4 is a flow diagram illustrating a first embodiment of a method 70 for controlling a 
force feedback interface device of the present invention. Method 70 is directed to a "host- 
25 controlled" embodiment, in which host computer system 12 provides direct, low- level force 
commands to microprocessor 26, and the microprocessor directly provides these force 
commands to actuators 30 to control forces output by the actuators. 

For example, the host controlled mode is suitable for embodiments using a USB 
communication interface. Data rates are sufficiently high to allow the host to communicate at 500 
30 Hz or greater and provide realistic force feedback to the user object 34. The USB Isochronous 
Data Transfer mode of USB is suitable to provide the necessary high data rate. 

The process begins at 72. In step 74, host computer system 12 and interface device 14 are 
powered up, for example, by a user activating power switches. After step 74, the process 70 
branches into two parallel (simultaneous) processes. One process is implemented on host 
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computer system 1 2, and the other process is implemented on local microprocessor 26. These 
two processes branch out of step 74 in different directions to indicate this simultaneity. 

In the host computer system process, step 76 is first implemented, in which an application 
program is processed or updated. This application can be a simulation, video game, scientific 
5 program, or other program. Images can be displayed for a user on output display screen 20 and 
other feedback can be presented, such as audio feedback. 

Two branches exit step 76 to indicate that there are two processes running simultaneously 
(multitasking) on host computer system 12. In one process, step 78 is implemented, where 
sensor data is received by the host computer from local microprocessor 26. As detailed below in 

10 the microprocessor process, the local processor 26 continually receives signals from sensors 28, 
processes the raw data, and sends processed sensor data to host computer 12, Alternatively, local 
processor 26 sends raw data directly to host computer system 12. "Sensor data", as referred to 
herein, can include position values, velocity values, and/or acceleration values derived from the 
sensors 28 which detect motion of object 34 in one or more degrees of freedom. In addition, any 

15 other data received from other input devices 39 can also be received by host computer system 12 
as sensor data in step 78, such as signals indicating a button on interface device 14 has been 
activated by the user. Finally, the term "sensor data" also can include a history of values, such as 
position values recorded previously and stored in order to calculate a velocity. 

After sensor data is read in step 78, the process returns to step 76, where the host 
20 computer system 12 can update the application program in response to the user's manipulations of 
object 34 and any other user input received in step 78 as well as determine if forces need to be 
applied to object 34 in the parallel process. Step 78 is implemented in a continual loop of reading 
data from local processor 26. 

The second branch from step 76 is concerned with the process of the host computer 
25 determining force commands to provide force feedback to the user manipulating object 34. These 
commands are described herein as "low-level" force commands, as distinguished from the "high- 
level" or supervisory force commands described in the embodiment of Figure 5. A low level 
force command instructs an actuator to output a force of a particular magnitude. For example, the 
low level command typically includes a magnitude force value, e.g., equivalent signal(s) to 
30 instruct the actuator to apply a force of a desired magnitude value. Low level force commands 
may also designate a direction of force if an actuator can apply force in a selected direction, and/or 
other low-level information as required by an actuator. 

The second branch starts with step 80, in which the host computer system checks if a 
change in the force applied to user object 34 is required. This can be determined by several types 
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of criteria, the most important of which are the sensor data read by the host computer in step 78, 
timing data, and the implementation or "events" of the application program updated in step 76. 
The sensor data read in step 78 informs the host computer 12 how the user is interacting with the 
application program. From the position of object 34 sensed over time, the host computer system 
12 can determine when forces should be applied to the object. For example, if the host computer 
is implementing a video game application, the position of a computer generated object within the 
game may determine if a change in force feedback is called for. If the user is controlling a 
simulated race car, the position of the user object joystick determines if the race car is moving into 
a wall and thus if a collision force should be generated on the joystick. In addition, the velocity 
and/or acceleration of the user object can influence whether a change in force on the object is 
required. If the user is controlling a tennis racket in a game, the velocity of a user object joystick 
in a particular degree of freedom may determine if a tennis ball is hit and this if an appropriate 
force should be applied to the joystick. Also, other input, such as a user activating buttons or 
other controls on interface device 14, can change the forces required on object 34 depending on 
how those controls have been programmed to affect the application program. 

Other criteria for determining if a change in force is required includes events in the 
application program. For example, a game application program may (perhaps randomly) 
determine that another object in the game is going to collide with an object controlled by the user, 
regardless of the position data of the user object 34. Forces should thus be applied to the user 
object dependent on this collision event to simulate an impact. Forces can be required on the user 
object depending on a combination of such an event and the sensor data read in step 78. Other 
parameters in the application program can determine if a change in force to the user object is 
necessary, such as other input devices or user interface devices connected to host computer 
system 12 and inputting data to the application program (other interface devices can be directly 
connected, connected remotely through a network, etc.). 

If no change in force is currently required in step 80, then the process returns to step 76 to 
update the host application and return to step 80 to again check until such a change in force is 
required. When such a change is required, step 82 is implemented, in which host computer 12 
determines appropriate low-level force commands to be sent to the actuators 30 of interface device 
14, these force commands being dependent on a selected force sensation process, sensor data, the 
host application, and the clock 18. 

The low-level force commands can be determined, in part, from a selected force sensation 
process. A "reflex process" or "force sensation process" (also called a "subroutine"), as referred 
to herein, is a set of instructions for providing force commands dependent on other parameters, 
such as sensor data read in step 78 and timing data from clock 18. In the described embodiment, 
force sensation processes can include several different types of steps and/or instructions. One 
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type of instraction is a force algorithm, which includes an equation that host computer 12 can use 
to calculate or model a force value based on sensor and timing data. Several types of algorithms 
can be used. For example, algorithms in which force varies linearly (or nonlinearly) with the 
position of object 34 can be used to provide a simulated force like a spring. Algorithms in which 
force varies linearly (or nonlinearly) with the velocity of object 34 can be also used to provide a 
simulated damping force or other forces. Algorithms in which force varies linearly (or 
nonlinearly) with the acceleration of object 34 can also be used to provide, for example, a 
simulated inertial force on a mass (for linear variation) or a simulated gravitational pull (for 
nonlinear variation). Several types of simulated forces and the algorithms used to calculate such 
forces are described in "Perceptual Design of a Virtual Rigid Surface Contact," by Louis B. 
Rosenberg, Center for Design Research, Stanford University, Report number AL/CF-TR-1995- 
0029, April 1993, which is incorporated by reference herein. 

For force values depending on the velocity and acceleration of user object 34, the velocity 
and acceleration can be provided in a number of different ways. The sensor data read by host 
computer 12 in step 78 can include position data, velocity data, and acceleration data. In a 
preferred embodiment, the velocity and acceleration data was calculated previously by 
microprocessor 26 and then provided to the host computer 12. The host computer can thus use 
the velocity and acceleration data directly in an algorithm to calculate a force value. In an alternate 
embodiment, the sensor data read in step 78 includes position data and no velocity or acceleration 
data, so that host computer 12 is required to calculate the velocity and acceleration from the 
position data. This can be accomplished by recording a number of past position values, recording 
the time when each such position value was received using the system clock 18. and calculating a 
velocity and/or acceleration from such data. 

For example, a kinematic equation which calculates a force based on the velocity of the 
user object multiplied by a damping constant can be used to determine a damping force on the 
user object. This type of equation can simulate motion of object 34 along one degree of freedom 
through a fluid or similar material. For example, a damping constant can first be selected which 
indicates the degree of resistance that object 34 experiences when moving through a simulated 
material, such as a liquid, where a greater number indicates greater resistance. For example, water 
would have a lower damping constant than oil or syrup. The host computer recalls the previous 
position of user object 34 (along a particular degree of freedom), examine the current position of 
the user object, and calculate the difference in position. From the sign (negative or positive) of the 
difference, the direction of the movement of object 34 can also be determined. The force is then 
set equal to the damping constant multiplied by the change in position. Commands that controlled 
an actuator based on this algorithm would produce a force proportional to the user object's motion 
to simulate movement through a fluid. Movement in other mediums, such as on a bumpy 
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surface, on an inclined plane, etc., can be simulated in a similar fashion using different methods of 
calculating the force. 

The determination of force commands is preferably influenced by timing data accessed 
from system clock 1 8. For example, in the damping force example described above, the velocity 
of the user object 34 is determined by calculating the different of positions of the user object and 
multiplying by the damping constant. This calculation assumes a fixed time interval between data 
points, i.e., it is assumed that the position data of the object 34 is received by host computer 12 in 
regular, predetermined time intervals. However, this may not actually occur due to different 
processing speeds of different computer platforms or due to processing variations on a single host 
microprocessor 16, such as due to multitasking. Therefore, in the present invention, the host 
computer preferably accesses clock 12 to determine how much time has actually elapsed since the 
last position data was received. In the damping force example, the host computer could take the 
difference in position and divide it by a time measure to account for differences in timing. The 
host computer can thus use the clock's timing data in the modulation of forces and force 
sensations to the user. Timing data can be used in other algorithms and force sensation processes 
of the present invention to provide repeatable and consistent force feedback regardless of type of 
platform or available processing time on host computer 12. 

Other instructions can also be included in a force sensation process. For example, 
conditions can be included to provide forces only in desired directions or under other particular 
circumstances. For example, to simulate a virtual obstruction such as a wall, forces should be 
applied in only one direction (uni-directional). For many passive actuators, only bi-directional 
resistance forces can be applied. To simulate uni-direction resistance, conditions can be included 
in the virtual obstruction force sensation process. An example of such conditions in a virtual 
obstruction force sensation process is described with respect to Figure 12. Also, a "null" reflex 
process can be available that instructs host computer 12 (or microprocessor 26 in the embodiment 
of Figure 5) to issue a low level command or force values to provide zero forces (i.e. remove all 
forces) on user object 34. 

Another type of force sensation process does not use algorithms to model a force, but 
instead uses force values that have been previously calculated or sampled and stored as a digitized 
"force profile" in memory or other storage device. These force values may have been previously 
generated using an equation or algorithm as described above, or provided by sampling and 
digitizing forces. For example, to provide a particular force sensation to the user, host computer 
12 can be instructed by a force sensation process to retrieve successive force values from a certain 
storage device, such as RAM, ROM, hard disk, etc. These force values can be sent directly to an 
actuator in a low-level command to provide particular forces without requiring host computer 12 
to calculate the force values. In addition, previously-stored force values can be output with respect 
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to other parameters to provide different types of forces and force sensations from one set of stored 
force values. For example, using system clock 18, the stored force values can be output in 
sequence according to a particular time interval that can vary depending on the desired force. Or, 
different retrieved force values can be output depending on the current position of user object 34. 

Host computer 12 can determine a force command in step 82 according to a newly- 
selected reflex process, or to a previously selected reflex process. For example, if this is a second 
or later iteration of step 82, the same reflex process as in the previous iteration can be again 
implemented if parameters (such as the position of object 34) allow it, as determined by the host 
application program. 

The force command determined in step 82 can also depend on instructions that check for 
other parameters. These instructions can be included within or external to the above-described 
reflex processes. One such parameter are values provided by the implemented host application 
program (if any). The application program may determine that a particular force command 
should be output or reflex process implemented based on events occurring within the application 
program or other instructions. Force commands or values can be provided by the host application 
program independently of sensor data. Also, the host application program can provide its own 
particular position, velocity, and/or acceleration data to a selected reflex process to calculate or 
provide a force that is not based on the manipulation of user object 34, but is provided to simulate 
an event in the application program. Such events may include collision events, such as occur 
when a user-controlled computer image impacts a virtual surface or structure. Also, other input 
devices connected to host computer 12 can influence events and, therefore, the forces applied to 
user object 34. For example, the sensor data from multiple interface devices 14 connected to a 
single host computer can influence the forces felt on other connected interface devices by 
influencing events and computer-controlled images/objects of the host application program. 

Also, the force commands determined in step 82 can be based on other inputs to host 
computer 12, such as activations of buttons or other input devices in (or external to) interface 
device 14. For example, a particular application program might require that a force be applied to a 
joystick whenever a user presses a fire button on the joystick. 

The above-described reflex processes and other parameters can be used to provide a 
variety of haptic sensations to the user through the user object 34 to simulate many different types 
of tactile events. For example, typical haptic sensations may include a virtual damping (described 
above), a virtual obstruction, and a virtual texture. Virtual obstructions are provided to simulate 
walls, obstructions, and other uni-directional forces in a simulation, game, etc. When a user 
moves a computer image into a virtual obstruction with a joystick, the user then feels a physical 
resistance as he or she continues to move the joystick in that direction. If the user moves the 
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object away from the obstruction, the uni-directional force is removed. Thus the user is given a 
convincing sensation that the virtual obstruction displayed on the screen has physical properties. 
Similarly, virtual textures can be used to simulate a surface condition or similar texture. For 
example, as the user moves a joystick or other user object along an axis, the host computer sends 
5 a rapid sequence of commands to repetitively 1) apply resistance along that axis, and 2) to then 
immediately apply no resistance along that axis, as according to a reflex process. This frequency 
is based upon the travel of the joystick handle and is thus correlated with spatial position. Thus, 
the user feels a physical sensation of texture, which can be described as the feeling of dragging a 
stick over a grating. 

In next step 84, a low-level force command determined in step 82 is output to 
microprocessor 26 over bus 24. This force command typically includes a force value that was 
determined in accordance with the parameters described above. The force command can be 
output as an actual force signal that is merely relayed to an actuator 30 by microprocessor 26; or, 
the force command can be converted to an appropriate form by microprocessor 26 before being 
sent to actuator 30. In addition, the low-level force command preferably includes information 
indicating to microprocessor 26 which actuators are to receive this force value (if multiple 
actuators are included on interface device 14). The process then returns to step 76 to 
process/update the host application program. The process continues to step 80, where the host 
computer checks if a different force command should be output as determined by the parameters 
described above. If so, a new force command is determined and output in step 84. If no change 
of force is required, host computer 12 does not issue another command, since microprocessor 26 
can continues to output the previous force command to actuators 30 (alternatively, host computer 
12 can continue to output commands, even if no change of force is required). Subsequent force 
commands output in step 84 can be determined in accordance with the same reflex process, or a 
different reflex process, depending on the parameters of step 82. 

In addition, the host computer 1 2 preferably synchronizes any appropriate visual feedback, 
auditory feedback, or other feedback related to the host application with the application of forces 
on user object 34. For example, in a video game application, the onset or start of visual events, 
such as an object colliding with the user on display screen 20, should be synchronized with the 
30 onset or start of forces felt by the user which correspond to or complement those visual events. 
The onsets visual events and force events are preferably occur within about 30 milliseconds (ms) 
of each other. This span of time is the typical limit of human perceptual ability to perceive the 
events as simultaneous. If the visual and force events occur outside this range, then a time lag 
between the events can usually be perceived. Similarly, the output of auditory signals, 
35 corresponding to the onset of auditory events in the host application, are preferably output 
synchronized with the onset of output forces that correspond to/complement those auditory 
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events. Again, the onsets of these events occur preferably within about 30 ms of each other. For 
example, host computer system 12 can output sounds of an explosion from speakers 21 as close 
in time as possible to the forces felt by the user from that explosion in a simulation. Preferably, 
the magnitude of the sound is in direct (as opposed to inverse) proportion to the magnitude of the 
forces applied to user object 34. For example, during a simulation, a low sound of an explosion 
in the far (virtual) distance can cause a small force on user object 34, while a large, "nearby" 
explosion might cause a loud sound to be output by the speakers and a correspondingly large 
force to be output on object 34. 

The local microprocessor 26 implements the process branching from step 74 and starting 
with step 86 in parallel with the host computer process described above. In step 86, the interface 
device 14 is activated. For example, signals can be sent between host computer 12 and interface 
device 14 to acknowledge that the interface device is now active. From step 86, two processes 
branch to indicate that there are two processes running simultaneously (multi-tasking) on local 
processor 26. In one process, step 88 is implemented, in which the processor 26 reads raw data 
(sensor readings) from sensors 28. Such raw data preferably includes position values describing 
the position of the user object along provided degrees of freedom. In the preferred embodiment, 
sensors 28 are relative sensors that provide position values describing the change in position since 
the last position read. Processor 26 can determine the absolute position by measuring the relative 
position from a designated reference position. In alternate embodiments, sensors 28 can include 
velocity sensors and accelerometers for providing raw velocity and acceleration values of object 
34. The raw data read in step 88 can also include other input, such as from an activated button or 
other control 39 of interface device 14. 

In next step 90, processor 26 processes the received raw data into sensor data, if 
applicable. In the preferred embodiment, this processing includes two steps: computing velocity 
and/or acceleration values from raw position data (if velocity and/or acceleration are needed to 
compute forces), and filtering the computed velocity and acceleration data. The velocity and 
acceleration values are computed from raw position data received in step 88 and stored position 
and time values. Preferably, processor 26 stores a number of position values and time values 
corresponding to when the position values were received. Processor 26 can use its own or a local 
system clock (not shown in Fig. 1) to determine the timing data. The velocity and acceleration can 
be computed using the stored position data and timing data, as is well known to those skilled in 
the art. The calculated velocity and/or acceleration values can then be filtered to remove noise 
from the data, such as large spikes that may result in velocity calculations from quick changes in 
position of object 34. Thus, the sensor data in the described embodiment includes position, 
velocity, acceleration, and other input data. In an alternate embodiment, circuitry that is electrically 
coupled to but separate from processor 26 can receive the raw data and determine velocity and 
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acceleration. For example, an application-specific integrated circuit (ASIC) or discrete logic 
circuitry can use counters or the like to determine velocity and acceleration to save processing time 
on microprocessor 26. 

Alternatively, step 90 can be omitted, and the processor 26 can provide raw position data 
5 to host computer 12 (and other input data from other input devices 39). This would require host 
computer 12 to filter and compute velocity and acceleration from the position data. Thus, it is 
preferred that processor 26 do this processing to reduce the amount of processing performed on 
host computer 12. In other embodiments, the filtering can be performed on host computer 12 
while the velocity and acceleration calculation can be performed on the processor 26. Also, in 
10 embodiments where velocity and/or acceleration sensors are used to provide raw velocity and 
acceleration data, the calculation of velocity and/or acceleration can be omitted. After step 90, step 
91 is implemented, in which the processor 26 sends the processed sensor data to the host 
computer 12 via bus 24. The process then returns to step 88 to read raw data. Steps 88, 90 and 
91 are thus continuously implemented to provide current sensor data to host computer system 12. 

15 The second branch from step 86 is concerned with processor 26 controlling the actuators 

30 to provide forces calculated by host computer 12 to object 34. The second branch starts with 
step 92, in which processor 26 checks if a low-level force command has been received from host 
computer 12 over bus 24. If not, the process continually checks for such a force command. 
When a force command has been received, step 94 is implemented, in which processor 26 

20 outputs a low-level processor force command to the designated actuators to set the output force to 
the desired magnitude, direction, etc. This force command may be equivalent to the received low- 
level command from the host computer, or, the processor 26 can optionally convert the force 
command to an appropriate form usable by actuator 30 (or actuator interface 38 can perform such 
conversion). The process then returns to step 92 to check for another force command from the 

25 host computer 12. 

Figure 5 is a flow diagram illustrating a second embodiment of a method 100 for 
controlling force feedback interface device 14 of the present invention. Method 100 is directed to 
a "reflex" embodiment, in which host computer system 12 provides only high-level supervisory 
force commands ("host commands") to microprocessor 26, while the microprocessor 
30 independently determines and provides low-level force commands (force values) to actuators 30 
as an independent "reflex" to control forces output by the actuators. 

The process of Figure 5 is suitable for low speed communication interfaces, such as a 
standard RS-232 serial interface. However, the embodiment of Figure 5 is also suitable for high 
speed communication interfaces such as USB, since the local microprocessor relieves 
35 computational burden from host processor 16. In addition, this embodiment can provide a 
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straightforward command protocol, an example of which is described with respect to Figures 9 
and 14, and which allow software developers to easily provide force feedback in a host 
application. In this embodiment, for example, the slower "interrupt data transfers" mode of USB 
can be used. 

The process begins at 102. In step 104, host computer system 12 and interface device 14 
arc powered up, for example, by a user activating power switches. After step 104, the process 
100 branches into two parallel processes. One process is implemented on host computer system 
12, and the other process is implemented on local microprocessor 26. 

In the host computer system process, step 106 is first implemented, in which an 
application program is processed. This application can be a simulation, video game, scientific 
program, or other program. Images can be displayed for a user on output display screen 20 and 
other feedback can be presented, such as audio feedback. 

Two branches exit step 106 to indicate that there are two processes running simultaneously 
(multi-tasking, etc.) on host computer system 12. In one of the processes, step 108 is 
implemented, where sensor data from the user object is received by the host computer from local 
microprocessor 26. Similarly to step 78 of the process of Figure 4, host computer system 12 
receives either raw data (e.g., position data and no velocity or acceleration data) or processed 
sensor data (position, velocity and/or acceleration data) from microprocessor 26. In addition, any 
other data received from other input devices 39 can also be received by host computer system 1 2 
from microprocessor 26 in step 108, such as signals indicating a button on interface device 14 has 
been pressed by the user. 

Unlike the previous embodiment of Figure 4, the host computer does not calculate force 
values from the received sensor data in step 108. Rather, host computer 12 monitors the sensor 
data to determine when a change in the type of force is required. This is described in greater detail 
below. Of course, host computer 12 also uses the sensor data as input for the host application to 
update the host application accordingly. 

After sensor data is received in step 108, the process returns to step 106, where the host 
computer system 12 can update the application program in response to the user's manipulations of 
object 34 and any other user input received in step 108. Step 108 is then implemented again in a 
continual loop of receiving sets of sensor data from local processor 26. Since the host computer 
does not need to directly control actuators based on sensor data, the sensor data can be provided at 
a much lower speed. For example, since the host computer updates the host application and 
images on display screen 20 in response to sensor data, the sensor data need only be read at 60-70 
Hz (the refresh cycle of a typical display screen) compared to the much higher rate of about 500- 
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1000 Hz (or greater) needed to realistically provide low-level force feedback signals from sensor 
signals. Host computer 12 also preferably synchronizes visual, audio, and force events similarly 
as described above with reference to Figure 4. 

The second branch from step 106 is concerned with the process of the host computer 
5 determining high-level force commands ("host commands") to provide force feedback to the user 
manipulating object 34. The second branch starts with step 110, in which the host computer 
system checks if a change in the type of force applied to user object 34 is required. The "type" of 
force is a force sensation or profile produced by a particular reflex process or force value which 
the local microprocessor 26 can implement independently of the host computer. The host 

10 computer 1 2 determines whether a change in the type of force is required depending on the sensor 
data read by the host computer in step 108 and depending on the events of the application program 
updated in step 106. As explained with reference to Figure 4, the sensor data informs the host 
computer when forces should be applied to the object based on the object's current position, 
velocity, and/or acceleration. The user's manipulations of object 34 may have caused a new type 

15 of force to required. For example, if the user is moving a virtual race car within a virtual pool of 
mud in a video game, a damping type of force should be applied to the object 34 as long as the 
race car moves within the mud. Thus, damping forces need to be continually applied to the object, 
but no change in the type of force is required. When the race car moves out of the pool of mud, a 
new type of force (i.e. a removal of damping force in this case) is required. The events of the 

20 application program may also require a change in the type of force applied. For example, if the 
user's car is traveling through mud and another car collides into the user's car, then a new type of 
force (collision force) should be applied to the user object. Forces may be required on the user 
object depending on a combination of an application event and the sensor data read in step 108. 
Also, other input, such as a user activating buttons or other input devices 39 on interface device 

25 14, can change the type of forces required on object 34. 

If no change in the type of force is currently required in step 1 1 0, then tfie process returns 
to step 106 to update the host application and return to step 1 10 to again check until such a change 
the type of force is required. When such a change is required, step 1 12 is implemented, in which 
host computer 12 determines an appropriate host command to send to microprocessor 26. The 

30 available host commands for host computer 12 may each correspond to an associated reflex 
process implemented by microprocessor 26. For example, host commands to provide a damping 
force, a spring force, a gravitational pull, a bumpy surface force, a virtual obstruction force, and 
other forces can be available to host computer 12. These host commands can also include a 
designation of the particular actuators 30 or degrees of freedom which are to apply this desired 

35 force on object 34. The host commands can also include other command parameter information 
which might vary the force produced by a particular reflex process. For example, a damping 
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constant can be included in a host command to designate a desired amount of damping force. The 
host command may also preferably override the reflex operation of the processor 26 and include 
low-level force values. A preferred command protocol and detailed description of a set of host 
commands is described in greater detail below with respect to Figures 9 and 14. In next step 1 14, 
the host computer sends the host command to the microprocessor 26 over bus 24. The process 
then returns to step 106 to update the host application and to return to step 1 10 to check if another 
change in force is required. 

The local microprocessor 26 implements the process branching from step 104 and starting 
with step 116 in parallel with the host computer process described above. In step 116, the 
interface device 14 is activated. For example, signals can be sent between host computer 12 and 
interface device 14 to acknowledge that the interface device is now active and can be commanded 
by host computer 1 2. From step 1 1 6, two processes branch to indicate that there are two 
processes running simultaneously (multi-tasking) on local processor 26. In one process, step 118 
is implemented, in which the processor 26 reads raw data from sensors 28. As described in step 
88 of Figure 4, processor 26 preferably reads position data and no velocity or acceleration data 
from sensors 28. In alternate embodiments, sensors 28 can include velocity sensors and 
accelerometers for providing velocity and acceleration values of object 34. The sensor data read in 
step 118 can also include other input, such as from an activated button or other control of interface 
device 14. 

In next step 120, processor 26 processes the received raw data into sensor data. As 
described in step 90 of Figure 4, this processing preferably includes the two steps of computing 
velocity and acceleration data from the filtered position data and filtering the velocity and 
acceleration data. Processor 26 can use its own local clock 2 1 to determine the timing data needed 
for computing velocity and acceleration. In addition, a history of previous recorded values, such 
as position or velocity values, can be used to calculate sensor data. In embodiments where 
velocity and/or acceleration sensors are used, the calculation of velocity and/or acceleration is 
omitted. In next step 121, the processor 26 sends the processed sensor data to host computer 12 
and also stores the data for computing forces, as described in the second branch process of 
processor 26. The process then returns to step 1 18 to read raw data. Steps 118, 120 and 121 are 
thus continuously implemented to provide current sensor data to processor 26 and host computer 
12. 

The second branch from step 116 is concerned with an "actuator process" in which 
processor 26 controls the actuators 30 to provide forces to object 34. The second branch starts 
with step 122, in which processor 26 checks if a host command has been received from host 
computer 12 over bus 24. If so, the process continues to step 124, where a reflex process 
associated with the host command is selected. Such reflex processes can be stored local to 
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microprocessor 26 in, for example, memory 27 such as RAM or ROM (or EPROM, EEPROM, 
etc.). Thus, the microprocessor might select a damping reflex process if the high level command 
indicated that the damping force from this reflex process should be applied to object 34. The 
available reflex processes are preferably similar to those described above with reference to Figure 
4, and may include algorithms, stored force profiles or values, conditions, etc. In some 
embodiments, steps 118, 120, and 121 for reading sensor data can be incorporated in the reflex 
processes for the microprocessor, so that sensor data is only read once a reflex process has been 
selected. Also, the host command may in some instances simply be a low-level force command 
that provides a force value to be sent to an actuator 30 (as in the embodiment of Figure 4), in 
which case a reflex process need not be selected. 

After a reflex process has been selected in step 124, or if a new host command has not 
been received in step 122, then step 126 is implemented, in which processor 26 determines a 
processor low-level force command (i.e. force value). The force value is derived from the reflex 
process and any other data required by the reflex process as well as command parameters 
included in relevant host commands. As explained above, the needed data can include sensor data 
and/or timing data from local clock 29. Thus, if no new high level command was received in step 
122, then the microprocessor 26 determines a force command according to the same reflex 
process that it was previously using in step 126. In addition, the host command can include other 
command parameter information needed to determine a force command. For example, the host 
command can indicate the direction of a force along a degree of freedom. 

In step 128, processor 26 outputs the determined processor force command to actuators 
30 to set the output force to the desired level. Before sending out the force command, processor 
26 can optionally convert the force command to an appropriate form usable by actuator 30, or 
actuator interface 38 can perform such conversion. The process then returns to step 122 to check 
if another host command has been received from the host computer 12. 

The actuator process of microprocessor 26 (steps 118, 120, 122, 124, 126, and 128) thus 
operates to provide forces on object 34 independently of host computer 12 according to a selected 
reflex process and other parameters. The reflex process determines how the processor force 
command is to be determined based on the most recent sensor data read by microprocessor 26. 
Since a reflex process indicates how forces should be applied depending on the position and other 
parameters of user object 34, the processor can issue low-level force commands, freeing the host 
computer to process the host application and determine only when a new type of force needs to be 
output. This greatly improves communication rates between host computer 12 and interface 
device 14. 
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In addition, the host computer 12 preferably has the ability to override the reflex operation 
of microprocessor 26 and directly provide calculated or other force values as described above with 
reference to Figure 4. For example, the host command can simply indicate a force value to be 
sent to an actuator 30. This override mode can also be implemented as a reflex process. For 
5 example, the microprocessor 26 can select a reflex process that instructs it to relay low-level force 
commands received from host computer 12 to an actuator 30. 

Figure 6 is a schematic diagram of an example of a user object 34 that is coupled to a 
gimbal mechanism 140 for providing two or more rotary degrees of freedom to object 34. 
Gimbal mechanism 140 can be coupled to interface device 14 or be provided with sensors 28 and 
10 actuators 30 separately from the other components of interface device 14. 

Gimbal mechanism 140 can be supported by a grounded surface 142, which can be a 
surface of the housing of interface device 14, for example (schematically shown as part of 
member 144). Gimbal mechanism 140 is preferably a five-member linkage that includes a 
ground member 144, extension members 146a and 146b, and central members 148a and 148b. 
15 Ground member 144 is coupled to a base or surface which provides stability for mechanism 140. 
The members of gimbal mechanism 140 are rotatably coupled to one another through the use of 
bearings or pivots, wherein extension member 146a is rotatably coupled to ground member 144 
and can rotate about an axis A, central member 148a is rotatably coupled to extension member 
146a and can rotate about a floating axis D, extension member 146b is rotatably coupled to 
20 ground member 144 and can rotate about axis B, central member 148b is rotatably coupled to 
extension member 146b and can rotate about floating axis E, and central member 148a is rotatably 
coupled to central member 148b at a center point P at the intersection of axes D and E. The axes 
D and E are "floating" in the sense that they are not fixed in one position as are axes A and B. 
Axes A and B are substantially mutually perpendicular. 

Gimbal mechanism 140 is formed as a five member closed chain. Each end of one 
member is coupled to the end of a another member. The five-member linkage is arranged such 
that extension member 146a, central member 148a, and central member 148b can be rotated 
about axis A in a first degree of freedom. The linkage is also arranged such that extension 
member 146b, central member 148b, and central member 148a can be rotated about axis B in a 
second degree of freedom. 

User object 34 is a physical object that can be coupled to a linear axis member 1 50, or 
linear axis member 150 can be considered part of object 34. Linear member 150 is coupled to 
central member 148a and central member 148b at the point of intersection P of axes D and E. 
Linear axis member 150 is coupled to gimbal mechanism 140 such that it extends out of the plane 
35 defined by axis D and axis E. Linear axis member 150 can be rotated about axis A (and E) by 
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rotating extension member 146a, central member 148a, and central member 148b in a first 
revolute degree of freedom, shown as arrow line 151. Member 150 can also be rotated about axis 
B (and D) by rotating extension member 50b and the two central members about axis B in a 
second revolute degree of freedom, shown by arrow line 152. In alternate embodiments, linear 
axis member is also translatably coupled to the ends of central members 148a and 148b f and thus 
can be linearly moved along floating axis C, providing a third degree of freedom as shown by 
arrows 153. Axis C can, of course, be rotated about one or both axes A and B as member 150 is 
rotated about these axes. In addition, linear axis member 150 in some embodiments can rotated 
about axis C, as indicated by arrow 155, to provide an additional degree of freedom. These 
additional degrees of freedom can also be provided with sensors and actuators to allow processor 
26/host computer 12 to read the position/motion of object 34 and apply forces in those degrees of 
freedom. 

Sensors 28 and actuators 30 can be coupled to gimbal mechanism 140 at the link points 
between members of the apparatus and provide input to and output as described above. Sensors 
and actuators can be coupled to extension members 146a and 146b, for example. 

User object 34 is coupled to mechanism 140. User object 44 may be moved in both (or 
all three or four) degrees of freedom provided by gimbal mechanism 140 and linear axis member 
150. As object 34 is moved about axis A, floating axis D varies its position, and as object 34 is 
moved about axis B, floating axis E varies its position. 

Figure 7 is a perspective view of a specific embodiment of an apparatus 160 including 
gimbal mechanism 140 and other components of interface device 14 for providing mechanical 
input and output to host computer system 12. Apparatus 160 includes gimbal mechanism 140, 
sensors 141 and actuators 143. User object 34 is shown in this embodiment as a joystick having 
a grip portion 162 and is coupled to central member 148a. Apparatus 160 operates in 
substantially the same fashion as gimbal mechanism 140 described with reference to Figure 6. 

Gimbal mechanism 140 provides support for apparatus 160 on grounded surface 142, 
such as a table top or similar surface. The members and joints ("bearings") of gimba] mechanism 
140 are preferably made of a lightweight, rigid, stiff metal, such as aluminum, but can also be 
made of other rigid materials such as other metals, plastic, etc. Gimbal mechanism 140 includes 
ground member 144, capstan drive mechanisms 164, extension members 146a and 146b, central 
drive member 148a, and central link member 148b. Ground member 144 includes a base 
member 166 and vertical support members 168. Base member 166 is coupled to grounded 
surface 142. A vertical support member 168 is coupled to each of these outer surfaces of base 
member 166 such that vertical members 168 are in substantially 90-degree relation with each 
other. 
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A capstan drive mechanism 164 is preferably coupled to each vertical member 168. 
Capstan drive mechanisms 164 are included in gimbal mechanism 140 to provide mechanical 
advantage without introducing friction and backlash to the system. 

Extension member 146a is rigidly coupled to a capstan drum 170 and is rotated about axis 
5 A as capstan drum 170 is rotated. Likewise, extension member 146b is rigidly coupled to the 
other capstan drum 170 and can be rotated about axis B. Central drive member 148a is rotatably 
coupled to extension member 146a, and central link member 148b is rotatably coupled to an end 
of extension member 146b. Central drive member 148a and central link member 148b are 
rotatably coupled to each other at the center of rotation of the gimbal mechanism, which is the 
10 point of intersection P of axes A and B. Bearing 172 connects the two central members 148a and 
148b together at the intersection point P. 

Gimbal mechanism 140 provides two degrees of freedom to an object 34 positioned at or 
near to the center point P of rotation. An object at or coupled to point P can be rotated about axis 
A and B or have a combination of rotational movement about these axes. In alternate 
15 embodiments, object 34 can also be rotated or translated in other degrees of freedom, such as a 
linear degree of freedom along axis C or a rotary degree of freedom about axis C. 

Sensors 141 and actuators 143 are preferably coupled to gimbal mechanism 140 to 
provide input and output signals between apparatus 160 and microprocessor 26. In the described 
embodiment, sensors 141 and actuators 143 are combined in the same housing as grounded 

20 transducers 174. Preferably, transducers 174a and 174b are bi-directional transducers having 
optical encoder sensors 141 and active DC servo motors 143. Passive actuators can also be used. 
The housing of each grounded transducer 174a is preferably coupled to a vertical support member 
168 and preferably includes both an actuator 143 for providing force in or otherwise influencing 
the first revolute degree of freedom about axis A and a sensor 141 for measuring the position of 

25 object 34 in or otherwise influenced by the first degree of freedom about axis A. A rotational 
shaft of actuator 174a is coupled to a pulley of capstan drive mechanism 164 to transmit input and 
output along the first degree of freedom. Grounded transducer 174b preferably corresponds to 
grounded transducer 174a in function and operation. Transducer 174b is coupled to the other 
vertical support member 168 and is an actuator/sensor which influences or is influenced by the 

30 second revolute degree of freedom about axis B. 

The transducers 174a and 174b of the described embodiment are advantageously 
positioned to provide a very low amount of inertia to the user handling object 34. Transducer 
174a and transducer 174b are decoupled, meaning that the transducers are both directly coupled to 
ground member 144 which is coupled to ground surface 142, i.e. the ground surface carries the 
35 weight of the transducers, not the user handling object 34. The weights and inertia of the 
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transducers 174a and 174b are thus substantially negligible to a user handling and moving object 
34. This provides a more realistic interface to a virtual reality system, since the computer can 
control the transducers to provide substantially all of the forces felt by the user in these degrees of 
motion. Apparatus 160 is a high bandwidth force feedback system, meaning that high frequency 
signals can be used to control transducers 174 and these high frequency signals will be applied to 
the user object with high precision, accuracy, and dependability. The user feels very little 
compliance or "mushiness" when handling object 34 due to the high bandwidth. In contrast, in 
typical prior art arrangements of multi-degree of freedom interfaces, one actuator "rides" upon 
another actuator in a serial chain of links and actuators. This low bandwidth arrangement causes 
the user to feel the inertia of coupled actuators when manipulating an object. 

Object 34 is shown in Figure 3 as a joystick having a grip portion 126 for the user to 
grasp. A user can move the joystick about axes A and B. The movements in these two degrees 
of freedom are sensed by processor 26 and host computer system 12. Forces can be applied 
preferably in the two degrees of freedom to simulate various haptic sensations. Optionally, other 
objects 34 can be coupled to gimbal mechanism 140, as described above. For example, medical 
instruments, such as laparoscopic tools or catheters, can be used to simulate medical procedures. 

Figure 8 is a perspective view of a different embodiment of object 34 and supporting 
mechanism 180 that can be used in conjunction with interface device 14. Mechanism 180 
includes a slotted yoke configuration for use with joystick controllers that is well-known to those 
skilled in the art. Mechanism 180 includes slotted yoke 182a, slotted yoke 182b, sensors 184a 
and 1 84b, bearings 186a and 1 86b, actuators 188a and 188b, and joystick 34. Slotted yoke 182a 
is rigidly coupled to shaft 189a that extends through and is rigidly coupled to sensor 184a at one 
end of the yoke. Slotted yoke 182a is similarly coupled to shaft 189c and bearing 1 86a at the 
other end of the yoke. Slotted yoke 1 82a is rotatable about axis L and this movement is detected 
by sensor 184a. Actuator 188a can be an active or passive actuator. In alternate embodiments, 
bearing 186a and be implemented as another sensor like sensor 184a. 

Similarly, slotted yoke 182b is rigidly coupled to shaft 189b and sensor 184b at one end 
and shaft 189d and bearing 186b at the other end. Yoke 182b can rotated about axis M and this 
movement can be detected by sensor 1 84b. 

Object 34 is a joystick that is pivotally attached to ground surface 190 at one end 192 so 
that the other end 194 typically can move in four 90-degree directions above surface 190 in two 
degrees of freedom (and additional directions in other embodiments). Joystick 34 extends 
through slots 196 and 198 in yokes 182a and 182b, respectively. Thus, as joystick 34 is moved in 
any direction, yokes 182a and 182b follow the joystick and rotate about axes L and M. Sensors 
184a-d detect this rotation and can thus track the motion of joystick 34. Actuators 188a and 188b 
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allow the user to experience force feedback when handling joystick 34. Alternatively, other types 
of objects 34 can be used in place of the joystick, or additional objects can be coupled to the 
joystick. In yet other embodiments, additional degrees of freedom can be provided to joystick 34. 
For example, the joystick can be provided with a rotary degree of freedom about axis K, as 
5 indicated by arrow 193. Sensors and/or actuators can also be included for such additional degrees 
of freedom. 

In alternate embodiments, actuators can be coupled to shafts 189c and 189d to provide 
additional force to joystick 34. Actuator 188a and an actuator coupled to shaft 189c can be 
controlled simultaneously by microprocessor 26 or host computer 12 to apply or release force 
10 from bail 182a. Similarly, actuator 188b and an actuator coupled to shaft 189d can be controlled 
simultaneously. 

Other embodiments of interface apparatuses and transducers can also be used in interface 
device 14 to provide mechanical input/output for user object 34. For example, interface 
apparatuses which provide one to three (or more) linear degrees of freedom to user object 34 can 
15 be used. In addition, passive actuators having an amount of "play" can be provided to implement 
different reflex processes. 

Figure 9 is a table 300 showing a number of preferred host commands that can be used in 
the embodiment of Figure 5, where host computer 12 sends high level host commands to local 
microprocessor 26, which implements local reflex processes or reflex processes in accordance 

20 with the host commands. As discussed previously, low communication rates on bus 24 (Figure 
1) can impede performance, specifically the accuracy and realism, of force feedback. The local 
microprocessor can implement reflex processes based on host commands independently of the 
host computer, thus requiring less signals to be communicated over bus 24. Preferably, a 
communication language or force feedback protocol should be standardized for the transfer of 

25 host commands from the host processor 16 to the local processor 26. Ideally, as discussed with 
reference to Figure 5, the format will permit the efficient transmission of high level supervisory 
commands (host commands) to local processor 26 as in step 1 14 of Figure 5. By providing a 
relatively small set of commands and command parameters which are translated into a panoply of 
forces, the format further shifts the computational burden from the host computer to the local 

30 microprocessor 26. In addition, a programmer or developer of force feedback application 
software for host computer 12 is provided with a high level, standard, efficient force feedback 
command protocol. 

In one embodiment, the host command is permitted to include command parameters 
generic to a wide variety of force models implemented by the microprocessor 26 to control the 
35 actuators 30. For instance, force magnitude and force direction are two generic command 
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parameters. Force duration, or force model application time, is another generic command 
parameter. It may also be advantageous to further define a command parameter for other input 
device 39, such as a button. The button, when activated, can trigger different forces or force 
models. 

5 A preferred embodiment contains two primary modes or "control paradigms" of operation 

for force feedback interface device 14: rate control and position control. These modes imply a 
classification scheme for host commands parametrized by the command parameters. While the 
difference between rate control and position control is generally subtle to the user while he or she 
interacts with an application, the difference may be profound when representing force feedback 
10 information. While certain force feedback entities may be implemented under both control 
modes, classifying the force feedback commands into two sets can help to avoid confusion 
among programmers. Some of the commands can be used as either rate control or position 
control commands. 

Exemplary force feedback commands in accordance with the present invention will be 
15 described below. The rate control force feedback commands will be discussed first, followed by 
the position control commands. Of course, other force feedback commands may be constructed 
in addition to, or as alternatives to, the following sample force feedback commands. 

Rate control refers to a user object mapping in which the displacement of the user object 
34 along one or more provided degrees of freedom is abstractly mapped to motion of a computer- 

20 simulated entity under control, such as an airplane, race car, or other simulated "player" or player- 
controlled graphical object. Rate control is an abstraction which makes force feedback less 
intuitive because there is not a direct physical mapping between object motion and commanded 
motion of the simulated computer entity. Nevertheless, many interesting force feedback 
sensations can be implemented within rate control paradigms. In contrast, position control refers 

25 to a user object mapping in which displacement of the joystick handle or other user manipulable 
object directly dictates displacement of a simulated computer entity, so that the fundamental 
relation between joystick displacements and computer displacements is present. Thus, most rate 
control paradigms are fundamentally different from position control in that the user object 
(joystick) can be held steady at a given position but the simulated entity under control is in motion 

30 at a given commanded velocity, while the position control paradigm only allows the entity under 
control to be in motion if the user object is in motion. Position control host commands are 
described in greater detail below with respect to Figure 14, while rate control commands are 
described presently with reference to Figure 9. 

For example, a common form of rate control is a velocity derived abstraction in which 
35 displacement of the user object, such as a joystick handle, dictates a velocity of the simulated 
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computer entity, such as a vehicle or other graphical object displayed on display screen 20, in a 
simulated environment. The greater the joystick handle is moved from the original position, the 
greater the velocity of the controlled vehicle or player-controlled graphical object Such control 
paradigms are very popular in computer games where velocity of a spacecraft or race car is 
dictated by the displacement of the joystick. Like most rate control paradigms, velocity control 
allows the joystick to be held steady at a given position while the entity under control is in motion 
at a given commanded velocity. Other common rate control paradigms used in computer games 
are acceleration controlled. An acceleration controlled paradigm is termed "thrust" control by 
those skilled in the art. While velocity control dictates the speed of the entity under control, thrust 
control dictates the rate of change of speed. Under thrust control, the joystick can be still and 
centered at zero displacement, yet the commanded computer entity can be in motion. 

In force feedback schemes, rate control force feedback commands roughly correspond to 
forces which would be exerted on a vehicle or other simulated entity controlled by the simulated 
environment through the force feedback interface device 14. Such forces are termed vehicle- 
centric forces. For example, in a thrust control paradigm, a user's simulated speed boat may 
move into thick mud, but the user would not directly feel the mud. However, the user would feel 
the speed boat's engine straining against a force opposing the boat's motion. These opposing 
forces are relayed to the user through interface device 14. Other simulated characteristics or 
objects in the simulated environment can have an effect on the player-controlled simulated entity 
and thus affect the forces output to the user. 

Herein, rate control commands are divided into "conditions" and "overlays," although 
other classifications may be used in alternate embodiments. Conditions set up a basic physical 
model or background sensations about the user object including simulated stiffness, simulated 
damping, simulated inertias, deadbands where simulated forces diminish, and directional 
constraints dictating the physical model's functionality. Multiple conditions may be specified in a 
single command to effectively superpose condition forces. Overlays, in contrast, are forces that 
may be applied in addition to the conditions in the background. Any number of overlays can 
preferably be provided in addition to condition forces. A condition can be specified by one 
condition command or by multiple condition commands. 

Descriptions will now be provided for several types of forces 302, as referenced in table 
300, that can be implemented by microprocessor 26 from host commands. These forces include: 
restoring force, restoring spring, vector force, vibration, sluggish stick, wobble, unstable, button 
reflex jolt, and ratchet force. The restoring force, restoring spring, sluggish stick, and unstable 
forces are considered condition forces. The vector force, vibration, wobble, button reflex jolt, and 
ratchet forces are considered overlay forces. 
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The forces 302 shown in table 300 can be implemented with host commands provided by 
host computer 12 to microprocessor 26. Examples 304 of host commands and their syntax are 
shown in table 300 for each type of force 302. In the described embodiment, host commands 304 
preferably include a command portion 306 and a number of command parameters 308. 
5 Commands 304 indicate the type of force which the host computer 12 is instructing the processor 
26 to implement. This command portion may have a corresponding reflex process which the 
processor 26 can retrieve from memory 27 and implement; this process is described in greater 
detail below. Command portions 306 can be specified in virtually any form in other 
embodiments; in table 300, a command is typically provided in a high-level form, close to 
10 English, so that the type of force which the command implements can be easily recognized by a 
programmer or software developer. 

Command parameters 304 are values or indicators provided by the host computer 12 
which customize and/or modify the type of force indicated by command portion 304. Many of 
the commands use magnitude, duration, or direction command parameters. Some commands 
15 include a style parameter which often modifies a force's direction. Other particular command 
parameters are provided for specific forces, as described in detail below. 

For the following preferred rate control embodiments, most of the command parameters 
control different forces in the same way. The magnitude parameter is a percentage of a maximum 
magnitude corresponding to a maximum force able to be output by actuators 30. The duration 

20 parameter usually corresponds to a time interval for applying the particular force model. 
However, it is sometimes set to a predetermined value, such as zero or - 1 , to extend indefinitely 
the force model's application time. The force model would thus remains in effect until the host 
computer 1 2 provides a new host command with a new force or sends a clear command. The 
style parameter may select a direction in which to apply the force model, and/or a degree of 

25 freedom along which to apply the force model. For example, valid directions usually include one 
of a common joystick's two axes or a diagonal specified as a combination of the two. Of course, 
the style parameter could specify the force application along any degree of freedom or 
combination of degrees of freedom. Alternatively, separate force commands could be used for 
each degree of freedom or force commands. The style parameter can vary depending on the 

30 particular force model commanded, as described below. 

Although not listed in Figure 9, all of the described types of forces 302 can have additional 
parameters or incorporate other properties into the listed parameters. A "deadband" parameter 
could specify a size of a region where a force would be small or zero. A parameter can be 
included indicating whether a force is bi-directional or uni-directional along a degree of freedom. 
35 Note that uni-directional forces can have either a positive or negative sense. For some host 
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conunands, the deadband and bi-directional/uni-directional parameter can be included in the style 
parameter. 

Subclass 310 indicates a classification of the types of forces 302. Forces 302 are shown 
as either conditions or overlays, as explained above. The condition commands are described 
below before the overlay commands. 

Figures lOa-c are graphs illustrating force versus displacement profiles for a restoring 
force. The force in graph 312 of Figure 10a is bi-directional, where the force on the right side of 
the vertical axis is applied in one direction along a degree of freedom, and the force on the left side 
of the vertical axis is applied in the opposite direction along that degree of freedom. The force 

10 shown in graph 314 of Figure 10b is uni-directional. Preferably, whether the force is uni- 
directional or bi-directional is specified with, for example, the style parameter 308 of the 
command 306 shown in table 300 of Figure 8 (and, if uni -direction, a positive or negative sense to 
indicate the particular direction). In addition, the desired degrees of freedom along which the 
restoring force is to be applied are also preferably specified in the style parameter. For example, 

15 an "X" parameter could indicate the "X" degree of freedom, while an "XY" parameter can indicate 
a restoring force along both X and Y degrees of freedom (e.g., a diagonal restoring force). 

A restoring force applied to user object 34 always points back towards an origin position 
O (or "neutral position") of the user object along a degree of freedom. For example, the origin 
position for a joystick can be the joystick's center position, as shown in Figures 7 and 8. The 

20 magnitude of restoring force, specified by the magnitude command parameter, generally remains 
constant in either direction for the range 316 along the degree of freedom of the user object. The 
maximum force magnitude F is preferably limited to about 75% of the maximum possible output 
force in a the selected degree of freedom, so that jolts and vibrations can be overlaid on top of the 
restoring sensation (described below). As the object is moved toward the origin position O, the 

25 applied force is constant until the user object is moved within a localized region R about the origin 
position. When the user object is in the localized region R, the applied force rapidly drops to zero 
or a small value. Thus, the restoring force profile provides a constant "restoring sensation" that 
forces the user object back to the origin position when the object is in range 316. This restoring 
forces then diminishes or vanishes as the object nears and reaches the origin position. The 

30 restoring force's direction can be automatically controlled by the local microprocessor 26. 

In Figure 10c, the restoring force is shown similarly to the force in Figure 10a, except that 
the applied force is about zero in an extended region 318, about the origin position. Region 318 is 
known as a "deadband", and allows the user to have some freedom to move object 34 for a short 
distance around the origin before forces are applied. The specification of deadband 318 for an 
35 applied restoring force can be a value included, for example, as a separate deadband command 
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parameter, or, alternatively, as part of the style parameters 308 of the restoring force host 
command. 

A restoring force sensation can be very ably applied in a rate control paradigm to the 
situation of hitting a wall or some other obstruction while controlling a simulated vehicle. The 
restoring force indicates a resistance against commanding a velocity in a direction of motion. This 
force drops off when the user object is returned to the origin position because the user is no longer 
commanding a velocity in the direction of motion. If there is no obstruction in the reverse 
direction, the restoring force would be unidirectional. 

Figures 1 la-1 lc are graphs illustrating force versus displacement profiles for a restoring 
spring force. Rather than maintaining a constant magnitude over its positive or negative 
displacement, as provided by the restoring force of Figures 10a- 10c, a restoring spring force 
varies linearly over an appreciable portion of the user object's displacement, and is proportional to 
the object 34's distance from the origin position O. A restoring spring force applied to the user 
object always points back towards the neutral position along a degree of freedom. In Figures I la- 
1 lc the restoring spring force reaches its maximum at maximum displacement of object 34 from 
the origin position O. Graph 320 of Figure 11a shows the bi-directional case, and graph 322 of 
Figure lib shows the uni-directional case. A deadband specified by a deadband parameter is 
provided about the origin position, as shown in graph 324 of Figure 1 lc. 

The parameters for the restoring spring force can, for example, be substantially similar to 
the parameters for the restoring force as described above. Alternatively, instead of a magnitude 
parameter, the restoring spring force can have a spring coefficient parameter to describe a desired 
"stiffness" of the object 34. The spring coefficient parameter can be used in well known equations 
to calculate the force on the user object. Either the coefficient or magnitude parameter may be 
used. 

The sluggish force creates a damping force on user object 34 having a magnitude 
proportional to the velocity of the user object when moved by the user. An example of this type 
of damping force is described above with respect to step 82 of Figure 4. The degree of 
"viscosity" of the sluggish force can be specified by a viscous damping coefficient included as a 
command parameter in the host command. Since the sluggish stick force depends directly upon 
velocity, the coefficient command parameter can be expressed as a percentage of a maximum 
damping coefficient, and replaces the magnitude parameter of previously discussed host 
commands. The style command parameter for the sluggish host command can include the 
specified degrees of freedom to apply the sluggish force, as well as a uni-directional or bi- 
directional indication. The sluggish stick force is particularly suited for rate control applications to 
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simulate controlling, for example, a very heavy vehicle that is poorly responsive to the movement 
of the user object. 

The unstable force creates an inverted pendulum style instability. Alternatively, the 
unstable force is modelled on a spring having a negative spring constant (an unstable or diverging 
spring). A force is applied to the user object in a direction away from the object's origin position 
and is increased as the user object is moved further away from the origin position. This creates a 
force that makes it difficult for the user to bring the object to the origin position. The command 
parameters for an unstable host command can include similar parameters to the restoring forces 
described above; for example, a command parameter indicating the percentage of maximum 
degree of "instability" can be provided, where the instability can be defined in terms of a 
maximum output force. This force can be used as another vehicle-related sensation, and could 
replace a restoring spring force when, for example, a simulated vehicle guidance control is 
damaged. The instability would typically make a computer game very hard to play. 

In alternative embodiments, the condition forces described above can be commanded 
using only one host command with a number of parameters to control the characteristics of the 
condition forces. For example, a host command such as 

COND_X (K+, K-, DB, B+, B-, N_Offset, Sat+, Sat-, m) 

can be sent to microprocessor 26 from host computer 12. This command specifies certain 
physical parameters of a model of the user object in one degree of freedom. The K parameters 
indicate a proportional stiffness for displacements of the user object in two directions along a 
degree of freedom. The DB parameter indicates the deadband range as a percentage of a 
maximum allowed deadband distance. The B parameters indicate a velocity proportional damping 
for the velocity of the user object in two directions along a degree of freedom. The N_offset 
parameter can be specified as the offset from the modeled neutral position of the springs (defined 
by the K parameters). The Sat parameters indicate the maximum (saturation) allowed force value 
for displacements of the user object, expressed, for example, as a percentage of the maximum 
possible force. The m parameter indicates a simulated mass of the user object which can be 
applied in the physical model for computing gravitational or inertial forces on the user object, for 
example. A condition command as provided above can be used for each provided degree of 
freedom of user object 34; for example, COND_X can provide the condition forces in the degree 
of freedom about the x-axis. The command can implement the restoring force, restoring spring 
force, sluggish force, and unstable force by adjusting the various command parameters. 

The condition commands can be provided in the background while overlay commands are 
applied in addition to or "over" the condition forces. For example, a sluggish damping force can 
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be provided as a background force to the user object, and a "jolt" overlay force can be commanded 
over the sluggish force to provide a quick, jerky motion on the user object for a few seconds. Of 
course, overlay forces may also be applied exclusively when no other forces are being applied, or 
may cancel other previously-commanded forces if desired. The example overlay forces shown in 
Figure 9 are described below. 

Figure 12 is a graph 326 illustrating a vector force model. A vector force is an overlay 
command, and thus can be applied in addition to the condition forces described above. It is a 
genera] force applied to the joystick in a given direction specified by a direction command 
parameter. The direction command parameter can be provided, for example, as an angle in the X- 
Y plane for a two-degree-of-freedom interface apparatus. As for many of the condition force 
commands, the magnitude of the vector force can be specified as a percentage of a maximum 
magnitude. Figure 1 2 shows a two-dimensional representation of the vector force in an example 
direction in the X-Y plane of a user object having two degrees of freedom. 

Figures 13a- 13b are graphs illustrating force versus time profiles for a vibration force. 
Figure 13a is a graph 328 showing a bi-directional vibration force while Figure 13b is a graph 330 
showing a uni-directional vibration force. The vibration command shown in Figure 9 accepts 
magnitude, frequency, style, direction, and duration command parameters. The frequency 
parameter can be implemented as a percentage of a maximum frequency and is inversely 
proportional to a time interval of one period, Tp The direction command parameter can be 

implemented as an angle, as described above with reference to Figure 12. The style parameter can 
indicate whether the vibration force is uni-directional or bi-directional. In addition, a duty cycle 
parameter can be provided in alternate embodiments indicating the percentage of a time period that 
the vibration force is applied. Also, a command parameter can be included to designate the 
"shape" or profile of the vibration waveform in the time axis, where one of a predetermined 
number of shapes can be selected. For example, the force might be specified as a sinusoidal 
force, a sawtooth-shaped force, a square waveform force, etc. 

A wobble force paradigm is another overlay force that can be commanded by host 
computer 12. This force creates a random (or seemingly random to the user), off-balance force 
sensation on the user object. For example, it can simulate an erratic control for a damaged vehicle. 
The magnitude, duration, and style command parameters can be similar to parameters for the 
above host commands. The style parameter might also specify a type of wobble force from a 
predetermined list of different types. The wobble force can be implemented using a variety of 
methods. For example, a preprogrammed "force profile" stored in memory can be implemented 
to cause a force sensation that seems random. Or, an equation can be used to calculate a force 
based on a sine wave or other function or a random result. 
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The jolt force is typically a short, high magnitude force that is output on the user object, 
and can be used, for example, to notify the user of an event or simulated object in the computer 
environment. The jolt force can be used as an overlay force which can be felt in addition to any 
condition forces in effect. Typical parameters include the magnitude of the force of the jolt, the 

5 duration of the jolt, and direction(s) or degree(s) of freedom in which the jolt is applied, which can 
be specified as an angle or particular degrees of freedom. The magnitude command parameter 
preferably specifies the magnitude of the jolt force in addition to (above) any other condition or 
overlay force magnitudes, i.e., the magnitude is a differential magnitude "above" the steady state 
forces. Thus, the actual magnitude output by actuators 30 may be greater than the jolt force 

10 magnitude. 

The button force is not an actual force but may be used as a command to trigger other 
forces when an input device 39 is activated by the user. In many game situations, for example, it 
may be advantageous to trigger a force as a direct response to pressing a button or other input 
device 39 on the interface apparatus 14 rather than generating the force from a host command after 
15 processing the pressed button on the host computer 12. The other forces triggered by the pressing 
of the button can be specified as a command parameter in the button command; alternatively, a 
specific button command can be provided for each type of force. 

For example, a common force to use in conjunction with a button command is the jolt 
force. A specific command, e.g., BUTTONJOLT, can be provided to cause a jolt force 

20 whenever a specified button is pressed, and which includes button and jolt command parameters. 
Alternatively, a button command with a JOLT command parameter may be implemented. When 
the button jolt command is received by microprocessor 26, the microprocessor can run a button 
check as a background process until commanded to terminate the button background process. 
Thus, when the microprocessor 26 determines that the user has pressed a button from the sensor 

25 data, the jolt force can be overlaid on any existing forces that are output. 

The button command sets up the microprocessor 26 to output a force when the other input 
device 39 has been activated. The button command may accept a number of command 
parameters including, for example, button and autofire frequency parameters (in addition to any 
command parameters specific to the desired force to be output when the button is pressed). The 

30 button parameter selects the particular button(s) which the microprocessor 26 will check to be 
activated by the user and which will provide the desired forces. For example, a joystick may have 
multiple buttons, and the software developer may want to provide a force only when a particular 
one of those buttons is pressed. A duration parameter can determine how long the jolt lasts after 
the button is pressed. The "autofire" frequency parameter designates the frequency of a repeating 

35 force when the user holds down a button. For example, if the user holds down a particular button, 
the microprocessor can automatically repeat a jolt force after a predetermined time interval has 
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passed after the user first pressed the button. The autofire parameter can also optionally designate 
whether the autofire feature is being used for a particular button and the desired time interval 
before the repeating forces are applied. 

Other rate control commands not shown in the table of Figure 9 can also be implemented. 
5 For example, if actuators 30 are passive actuators, a "ratchet" force can be provided by sending a 
ratchet command and appropriate command parameters. This command can simulate an 
obstruction which causes, for example, a user-controlled vehicle to strain in a given degree of 
freedom. Thus, a force may be applied when the user moves the joystick in one direction, then no 
force is applied when the user moves the joystick in the opposite direction, and force is again 
10 applied when the joystick is moved in the original direction. This simulates an obstruction force at 
any retraction point, like a ratchet. The style parameters for such a command can indicate a fixed 
obstruction or a ratchet-style obstruction. 

This concludes the description of rate control commands and force models. 

Figure 14 is a table 332 showing a number of preferred position control host commands 
15 that can be used in the embodiment of Figure 5. Herein, "position control" refers to a mapping of 
a user object in which displacement of the joystick handle or other user object directly dictates 
displacement of a computer-simulated entity or object. The mapping can have an arbitrary scale 
factor or even be non-linear, but the fundamental relation between user object displacements and 
computer object or entity displacements should be present. Under a position control mapping, the 
20 computer-controlled entity does not move unless the user object is in motion; a static user object 
dictates static commands to microprocessor 26 from host computer 12. 

Position control is not a popular mapping for traditional computer games, but may be used 
in other applications such as medical procedure simulations or graphical user interfaces. Position 
control is an intuitive and effective metaphor for force feedback interactions because it is a direct 

25 physical mapping rather than an abstract control paradigm. In other words, because the user 
object experiences the same physical manipulations as the entity being controlled within the 
computer, position control allows physical computer simulations to be directly reflected as 
realistic force feedback sensations. Examples of position control in computer environments 
might be controlling a paddle in a pong-style tennis game or controlling a cursor in a windows 

30 desktop environment. 

Contrasted with rate control's vehicle-centric forces, position control force feedback 
roughly corresponds to forces which would be perceived directly by the user. These are "user- 
centric" forces. For example, a paddle displayed on display screen 20 and directly controlled by a 
user might move through simulated thick mud. Via the force feedback interface device 14, the 
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user would perceive the varying force associated with movement through a viscous solution. 
Corresponding to the realistic physical situation, the force varies with the speed of motron of the 
joystick (and displayed paddle) and orientation of the paddle face. 

Descriptions will now be provided for several types of position control forces 334, as 
5 referenced in table 332, that can be implemented by microprocessor 26 from host commands. 
These forces include: vector, groove, divot, texture, barrier, field, paddle, and button reflex jolt 
Many of the examples 336 of host commands corresponding to these forces use magn.tude and 
style parameters as discussed with reference to the rate control paradigms. As with the rate 
control commands, command parameters of the same name generally have the same properties 
,0 for different host commands. However, the duration parameter is typically not used for pos.non 
control commands as much as for rate control commands, since the duration of the pos.Uon 
control forces are typically applied depending on the current position of the user object. Tne 
position control force models thus generally remain in effect until the host computer 12 .ssues a 
new host force command or a clear command. In alternate embodiments, a duration parameter 
15 can be used. 

Preferred parametrizations for described position control commands are summarized in 
Figure 14 All the forces listed below can include additional command parameters, such as 
deadband parameters, or incorporate other properties into the parameters listed .n F.gure 14. 
Similar to the host commands shown in Figure 9, host commands 336 preferably include a 
20 command portion 338 and a number of command parameters 340. Commands 336 indrcate the 
type of force which the host computer 12 is instructing the processor 26 to implement. Th.s 
command portion may have a corresponding reflex process which the processor 26 can retneve 
from memory 27 and implement. Command portions 338 can be specified in virtually any form 
in other embodiments. 

25 A vector force is a general force having a magnitude and direction. Refer to Figure 12 for 

a polar representation of the vector force. Most position control sensations will be generated by 
the programmer/developer using a vector force command and appropriate instructs and 
pro^amming constructs. A duration parameter is typically not needed since the host 12 or 
microprocessor 26 can terminate or modify the force based on user object motions, not tune. 

30 Figure 15 is a graph 342 showing a force versus displacement relationship for a groove 

force of the present invention. The groove force provides a linear detent sensation along a g.ven 
degree of freedom, shown by ramps 344. The user object feels like it is captured in a ••groove 
where there is a restoring force along the degree of freedom to keep the stick in the groove. Tms 
restoring force groove is centered about a center groove position C located at the current locauon 

35 of the user object when the host command was received. Alternatively, the location of the center 
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groove position can be specified from a command parameter along one or more degrees of 
freedom. Thus, if the user attempts to move the user object out of the groove, a resisting force is 
applied. 

The magnitude (stiffness) parameter specifies the amount of force or resistance applied. 
5 Optionally, a "snap-out" feature can be implemented within the groove reflex process where the 
groove forces turn off when the user object deviates from the groove by a given snap-out distance, 
shown as distance S. Thus, the microprocessor 26 would receive a groove command having a 
snap distance magnitude. When the microprocessor detects the user object moving outside this 
snap distance, it turns off the groove forces. This snap-out feature can be implemented equally 

10 well by the host computer 12 sending a clear command to turn off forces. Also, a deadband DB 
can also be provided to allow the user object to move freely near the center groove position C, 
specified with a deadband command parameter. A style command parameter indicates the 
orientation of the groove along one or more degrees of freedom (e.g., horizontal, vertical, 
diagonal). For example, horizontal and vertical grooves can be useful to provide forces for scroll 

15 bars in windows. A user moving a cursor in a graphical user interface can feel groove forces 
moving the cursor and user object toward the middle of the scroll bar. The deadband gives the 
user room to move the cursor within the scroll bar region. The snap-out distance can be used to 
free the cursor/user object from forces once the cursor is moved out of the scroll bar region. 

A divot is essentially two (or more) orthogonal grooves that provide restoring forces in 
20 more than one degree of freedom. This provides the sensation of a point detent along a given 
degree of freedom. If the divot is provided in two degrees of freedom, for example, then the user 
object feels as it if has been captured in a circular depression. The user object is captured at a point 
where there is a restoring force along both axes to keep the user object at the point. The snap-out 
feature of the groove force can also be implemented for the divot. In addition, the deadband 
25 feature of the groove can be provided for the divot command. 

A texture force simulates a surface property, as described above with reference to Figure 
4. A texture is a spatially varying force (as opposed to vibration, a time varying force) that 
simulates the force felt, for example, when a stick is moved over a grating. Other types of 
textures can also be simulated. The user object has to be moved to feel the texture forces, i.e., 

30 each "bump" of the grating has a specific position in the degree of freedom. The texture force has 
several characteristics that can be specified by a programmer/developer using the host command 
and command parameters. These command parameters preferably include a magnitude, a grit, 
and a style. The magnitude specifies the amount of force applied to the user object at each 
"bump" of the grating. The grit is basically the spacing between each of the grating bumps. The 

35 style command parameter can specify an orientation of the texture. For example, the style can 
specify a horizontal grating, a vertical grating, or a diagonal grating (or a superposition of these 
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gratings). Furthermore, the style parameter can specify if the texture is felt bi-directionally or um- 
directionally along a degree of freedom. Alternatively, additional command parameters can be 
provided to control the position of the "bumps" of the texture force. For example, informauon 
can be included to instruct the distance between bumps to vary exponentially over a Stance, or 
vary according to a specified formula. Alternatively, the texture spacing could vary randomly. In 
yet other embodiments, the command parameters can specify one of several available standard 
texture patterns that microprocessor 26 can retrieve from memory. 

A barrier force, when commanded, simulates a wall or other obstruction placed at a 
location in user object space, and is described above with reference to Figure 4. The host 
command can specify the hardness of the barrier (magnitude of the force applied), the locatron of 
the barrier along the degree of freedom, and the snap distance or thickness of the bamer. 
Horizontal barriers and vertical barriers can be provided as separate host commands, ,f des.red. 
As indicated in graph 346 of Figure 16, a barrier force only has a finite thickness. The force 
increases steeply as the user object is moved closer into the barrier (past point B). The snap- 
; through distance defines the size of the region where the barrier is felt by the user. If the user 
object is moved into a barrier, and then is moved past the thickness of the barrier, the bamer force 
is turned off. The barrier force can act as a hard obstruction, where the microprocessor prov.des 
maximum force magnitude to the user object 34, or as a bump or softer barrier, where a smaller 
force magnitude is applied (as specified by the magnitude command parameter). The bamer can 
2 0 remain for an extended period unless removed or moved to a new location. Multiple bamers can 
also be provided in succession along a degree of freedom. 

Alternatively, the barrier force can be provided by sending a host command having only 
two command parameters, hardness and location. The hardness parameter can specify the he.ght 
and slope of the resistive force. As shown in graph 348 of Figure 1 6. the user object can move 
from left to right along the distance axis. The user object feels a resistive force when h.tt.ng the 
barrier at point B. After the user object has been moved to point S (the snap-distance), the force ,s 
applied to the user object in the opposite direction (a negative magnitude force), which decreases 
as the user object is moved in the same direction. This simulates a bump or hill, where the force 
is resistive until the user object is moved to the top of the bump, where the force becomes an 
30 assisting force as the object is moved down the other side of the bump. 

A force field type force attracts or repulses the user object with respect to a specific 
position. This force can be defined by command parameters such as a field magnitude and the 
specific field origin position which the force field is applied with respect to A sense parameter 
canbe included to indicate an attractive field or a repulsive field. For example, the force field can 
be an attractive field to simulate a force of gravity between the field origin positron and 
controlled cursor or graphical object. Although the field origin position can be thought of as a 
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gravitational mass or an electric charge, the attractive force need not depend on the inverse square 
of displacement from the specific position; for example, the force can depend on an inverse of the 
displacement. The attractive force field also attempts to maintain the user object at the field origin 
position once the user object has been moved to that position. A repulsive field operates similarly 
5 except forces the user object away from a specified field origin position. In addition, ranges can 
be specified as additional command parameters to limit the effect of a force field to a particular 
distance range about the field origin position. 

Figures 17a- 17i are diagrammatic illustrations of a 'paddle" computer object 350 
interacting with a "ball" computer object or similar object 352. These computer objects can be 
10 displayed on display screen 20 by host computer 16. The force interactions between the ball and 
paddle can be controlled by a software developer using a host command, as explained below. In 
the described example, paddle object 350 is controlled by a player by a position control paradigm 
such that the movement of paddle object 350 is directly mapped to movement of user object 34. 
In alternate embodiments, ball object 352 or both objects can be controlled by players. 

15 Figures 17a-17h show how paddle object 350 interacts with a moving ball object 352 as 

ball object 352 collides with the paddle object. In Figure 17a, ball 352 first impacts paddle 350. 
Preferably, an initial force is applied to user object 34 in the appropriate direction. In Figures 17b 
and 17c, ball 352 is moving into the compliant paddle or "sling". Preferably, a simulated mass of 
ball 352 is felt by the user through user object 34 which is appropriate to the simulated velocity of 

20 the ball, the simulated compliance of the paddle, and the strength/direction of simulated gravity. 
These parameters can preferably be set using a host command with the appropriate parameters. 
For example, the following host command can be used: 

PADDLE (B_mass, B_vel_x, B_vel_y, Gravity, Sense, Compliance_X, Compliance_Y) 

where the command parameter B_mass indicates the simulated mass of the ball, B_vel_x and 
25 B_vel_y are the velocity of the ball, gravity is the strength of gravity, sense is the direction of 
gravity, and Compliance_X and Compliance_Y are the simulated compliance or stiffness of the 
paddle object 34. Other parameters can also be included to control other physical aspects of the 
computer environment and interaction of objects. 

In Figure 17d, the ball has reached a maximum flexibility point of paddle 34 and can no 
30 longer move in the same direction. As shown in Figures 17e through 17g, the ball is forced in the 
opposite direction due to the compliance of the paddle. In addition, the user may preferably exert 
force on user object 34 to direct the ball in a certain direction and to add more velocity to the ball's 
movement. This allows the user a fine degree of control and allows a significant application of 
skill in directing the ball in a desired direction. The force feedback paddle is thus an improved 
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component of "pong" type and other similar video games. In addition, the paddle 350 can 
optionally flex in the opposite direction as shown in Figure 17h. 

A schematic model of the forces interacting between ball 352 and paddle 350 is shown in 
Figure 171. A spring force indicated by spring constant K is provided in both degrees of freedom 
5 X and Y to indicate the springiness of the paddle 350; g is a gravity direction. In addition, a 
damping force indicated by damping constant B is also provided to slow the ball 352 down once it 
contacts paddle 350. The spring and damping forces can also be applied in one degree of 
freedom. 

The paddle control algorithm is a dynamic algorithm in which microprocessor 26 
10 computes interaction forces while a ball compresses the paddle and then releases from the paddle. 
The paddle command is sent by host computer 12 when the ball contacts the paddle. The paddle 
command reports ball location to the host computer so that the host can update graphics displayed 
on display screen 20 during the interaction period. In presently preferred embodiments, the 
updates only need to be provided at about 60 Hz to the host, since most displays 20 can only 
15 display at that rate. However, the forces should be computed and output at about 500 Hz or more 
to provide a realistic "feel" to the interaction. Thus the local microprocessor can compute the 
forces quickly while occasionally reporting the sensor readings of the paddle to the host at a 
slower rate. Other types of video game or simulation interactions can also be commanded with a 
high-level host command in a similar fashion. This concludes the description of position control 
20 paradigms. 

In addition, a clear command is preferably available to the host computer. This command 
can include a parameter specifying particular degrees of freedom and allows the host computer to 
cancel all forces in the specified degrees of freedom. This allows forces to be removed before 
other forces are applied if the programmer does not wish to superimpose the forces. 

25 Also, a configuration host command can be provided. This command can initially set up 

the interface device 14 to receive particular communication parameters and to specify which input 
and output will be used for a particular application, e.g. the host computer can instruct local 
microprocessor 26 to report specific information to the host computer and how often to report the 
information. For example, host computer 12 can instruct microprocessor 26 to report position 

30 values from particular degrees of freedom, button states from particular buttons of interface device 
14, and to what degree to report errors that occur to the host computer. A "request information- 
command can also be sent by host computer 12 to interface device 14 to receive information 
stored on the interface device 14 at the time of manufacture, such as serial number, model 
number, style information, calibration parameters and information, resolution of sensor data. 

35 resolution of force control, range of motion along provided degrees of freedom, etc. This 
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information may be necessary to the host computer so that the commands it outputs to the local 
processor 26 can be adjusted and customized to the particular type of interface device 14. If the 
USB communication interface is used, other information necessary to that interface can be 
provided to the host upon a request command, such as vendor identification, device class, and 
power management information. 

In addition, the above described forces can be superimposed. The host computer can send 
a new host command while a previous host command is still in effect. This allows forces applied 
to the user object to be combined from different controlling commands. The microprocessor 26 
or host computer may prevent certain commands that have contradictory effects from being 
superimposed (such as a restoring force and a restoring spring). For example, the latest host 
command sent can override previous commands if those previous commands conflict with the 
new command. Or, the conflicting commands can be assigned priorities and the command with 
the highest priority overrides the other conflicting commands. 

It should be noted that the high-level host commands and command parameters described 
above are merely examples for implementing the forces of the present invention. For example, 
command parameters that are described separately can be combined into single parameters having 
different portions. Also, the distinct commands shown can be combined or separated in different 
ways, as shown above with the example of the condition command for providing multiple rate 
control condition forces. 

In addition to common interface devices with one or two rectangular or spherical degrees 
of freedom, such as standard joysticks, other interface devices can be provided with three or more 
degrees of freedom. When the third degree of freedom is about an axis along the stick itself, 
those skilled in the art call it "spin" or "twist." Each degree of freedom of a user object can have 
its own dedicated high-level host command. By independently associating high-level host 
commands to each degree of freedom, many possible combinations of position control, rate 
control, and other abstract mappings can be implemented with interface devices. 

For example, for a common joystick with two degrees of freedom, a computer game 
might allow the joystick to control flight of a spacecraft. Forward-backward motion of the 
joystick handle might implement thrust control to dictate an acceleration of the spacecraft. Left- 
right motion of the joystick might implement direction control to dictate an angular velocity of the 
spacecraft's trajectory. This particular thrust-direction paradigm is particularly popular in current 
games, but there are many variations. For example, in a flight simulator, the forward-backward 
motion of the joystick might control the pitch of an aircraft while the left-right motion might 
control roll of the aircraft. In a driving game, the forward-backward motion of the stick might be 
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a rate control mapping to an acceleration of the car, while the left-right motion might be a position 
control mapping to a location of the car across a span of road. 

Multiple control paradigms may also be mixed in a single degree of freedom. For 
example, a joystick may have position control for small deviations from the origin in a degree of 
freedom and rate control for large deviations from the origin in the same degree of freedom. Such 
a mixed control paradigm can be referred to as a local position/global rate control paradigm. 

Figure 18 is a block diagram illustrating an example of a functional microprocessor 26 
implementation 380 of the present invention for processing the host commands and command 
parameters to output forces to user object 34. Implementation 380 is preferably provided on the 
microprocessor 26 using instructions stored in memory 27. The use of program instructions to 
perform operations on a microprocessor is well known to those skilled in the art, and can be 
stored on a "computer readable medium." Herein, such a medium includes by way of example 
memory 27 such as RAM and ROM, magnetic disks, magnetic tape, optically readable media 
such as CD ROMs, semiconductor memory such as PCMCIA cards, etc. In each case, the 
medium may take the form of a portable item such as a small disk, diskette, cassette, etc., or it 
may take the form of a relatively larger or immobile item such as a hard disk drive. Preferably, 
various subprocesses 382, 384, 386, 387, and 388 run in parallel on microprocessor 26 to 
optimize responsiveness of the force feedback interface device 14. These processes are also 
referred to as "processors" herein. Various parameters and data are shared by the subprocesses of 
implementation 380 in a preferred embodiment. 

Throughout the following discussion of implementation 380, parameter sets or parameter 
pages can be stored to speed computation and application of forces. Herein, parameter sets will be 
considered synonymous with parameter pages. Rather than reading, storing and applying host 
commands and command parameters (and/or other parameters) as soon as the command is 
received, all or some of the commands and parameters defining a force environment may be 
stored and grouped into parameter pages stored in memory 27. This force environment can 
describe particular forces that may be quickly read from the parameter page. When the 
appropriate force environment is required by the host computer, the microprocessor can retrieve 
the parameter page from memory. As with page swapping in video display systems, 
implementation 380 could then use active pages for a current force environment and "hidden" 
pages for command/parameter sets under construction. In addition, preset or predefined force 
environments can be retrieved, which are standardized force environments that are provided with 
interface device 14 or which can be loaded onto interface device 14 from the host computer. In 
the preferred embodiment, a stored parameter page would include force parameters and reporting 
parameters, which are internal microprocessor parameters that are derived from the host 
command and command parameters and which are discussed below. 

52 



WO 97/12357 



PCT/US96/15373 



Host communication and background process 382 maintains communication between the 
microprocessor 26 and the host computer 12. Host communication and background process 382 
receives high-level host commands and command parameters from the host 12 and sends this 
data to a command process 384. Process 382 also receives sensor data from a reporting process 
387 described below. Process 382 directly relays information received from process 387 to the 
host 12. Essentially, process 382 acts as a communication "switchboard" between the 
microprocessor 26 and the host computer 12. Preferably, process 382 (or process 384) manages 
an input buffer on microprocessor 26 which is used to buffer incoming commands and data from 
host computer 12. The input buffer is especially useful in embodiments including the USB 
interface and other interfaces with high communication rates. 

The command process 384 processes incoming high-level host commands and command 
parameters from the host 1 2 and transmitted via the host communication and background process 
382. Based on the incoming commands, the command process 384 sets reporting parameters and 
force feedback control parameters. These types of parameters are internal parameters of 
microprocessor 26 and are to be distinguished from the command parameters 308 included in a 
high-level host command sent by the host. The internal parameters are derived from the 
command parameters and may, in some instances, be identical to the command parameters, as 
explained below. 

The reporting parameters are internal parameters that specify to the microprocessor 26 
which particular data and at what rate to report to host computer 12. The reporting parameters 
can, for example, specify whether to report positions or velocities of user object 34 for particular, 
degrees of freedom, a communication speed, or whether and in what way errors are reported. The 
reporting parameters are derived from the configuration commands received from the host 
computer 12 and are provided to the status update process 386 and reporting process 387 so that 
process 387 knows which information to report to the host computer 12 via the host 
communication and background process 382. 

Force feedback control parameters ("force parameters") are internal parameters that are 
provided or updated by command process 384 and are used by force algorithm computation and 
actuator control process 388. The force parameters are derived from the command parameters 
308 included in the received host command. Command process 384 examines the command 
parameters and updates the internal force parameters so that the other processes 388 and 386 can 
access the most recent force parameters. This process of providing/updating force parameters 
implemented by process 384 is described below with reference to Figure 19. 

The status update process 386 receives reporting parameters from the command process 
384. Based on the parameters received, process 386 reads sensors 28 and clock 29 and stores 
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sensor reading histories and timing histories. Process 386 also can compute values, such as 
velocity or acceleration values, derived from sensor position data, the sensor data histories, timing 
data, or combinations of this data. Herein, the term "sensor data" refers to both data received 
directly from the sensors (sensor readings) and/or values derived from the sensor readings, 
5 including histories of sensor data. "Timing data" or "time data" refers to specific values 
representing a period of time, including histories of timing data. Periodically, reporting process 
387 reads data provided and stored by process 386 (or process 386 could send the data to process 
387 directly). The sensor and timing data is also "sent" to a force algorithm computation and 
actuator control process 388. The term "sent" or "received" herein refers to one process providing 
10 data that another process eventually receives. The actual implementation to send and receive data 
between processes can vary in different embodiments. For example, the sending process may 
store computed data in memory and the receiving process can retrieve the data from memory at its 
own rate. 

Reporting process 387 receives sensor data from status update process 386 and reports 
15 this data to host computer 12 at appropriate times or upon receiving a request from the host 12 
through background process 382. Reporting parameters are sent to process 387 by command 
process 384. In addition, general status and error information may be sent to reporting process 
387 from force computation process 388. The process implemented by reporting process 387 is 
described in greater detail with respect to Figure 21 . In alternate embodiments, reporting process 
20 387 can be merged with background process 382, for example, if reporting data to the host at a 
regular rate (in "stream" mode). 

Force algorithm computation and actuator control process 388 uses force parameters and 
sensor data from the command process 384 and the status update process 386 to compute forces 
to be applied to user object 34. The force parameters are derived from command parameters that 
25 characterize various force models, as described in detail above. Process 388 computes a resultant 
force to be applied to actuators 30 by combining effects of all force models in effect. 

It should be emphasized that the processes 382, 384, 386, 387, and 388 within the 
implementation 380 in Figure 18 preferably run in parallel on the microprocessor 26, e.g., using a 
multi-tasking environment. Running all these processes sequentially would dramatically slow the 
30 force feedback response to user manipulation of the user object 34. 

The implementation 380 shown in Figure 18 is intended as an example of a way to divide 
the various subprocesses of microprocessor 26 into logical divisions. In other embodiments, 
various other implementations can be provided to join or separate some or all of the described 
functions of microprocessor 26. 
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Figure 19 is a flow diagram illustrating command process 382 of Figure 18 in greater 
detail beginning at 390. Initially, the host computer will establish a communication link with 
interface device 14 in step 391. This can be accomplished by sending a predetermined signal or 
information which the interface device is waiting to receive. The interface device then can send an 
5 answer signal indicating it is ready to receive commands. If the USB communication interface is 
being used, the command process 382 preferably requests a USB address from the host, which 
the processor 382 then receives and stores. Whenever a data packet is then sent from the host, the 
command processor 384 can check the address of the data packet and compare it to the stored 
address to determine if the packet is meant for the microprocessor 26. 

10 In addition, if USB is being implemented, the command processor 384 can check for data 

in the USB communication protocol and reporting processor 387 can send out data in this 
protocol. This protocol includes a token packet, followed by a data packet, which is followed by a 
handshake packet, as is well known to those skilled in the art. The host commands can be 
encrypted in the data packets. 

15 In next, step 392, host computer 12 may require the characteristics of the interface device 

14 so that appropriate force feedback commands suited to the particular interface device can be 
provided by the host computer. These characteristics may include, for example, the serial 
number, model number, style, number of provided degrees of freedom of user object 34, 
calibration parameters, and reporting rate of the interface device. Upon receiving a request for 

20 such information from the host computer 12, such as a "request information" command, the 
microprocessor 26 sends the information to the host computer 12 in step 392. The host computer 
would normally request these characteristics only at power-up or at the start of force feedback 
implementation. 

In next step 394, the microprocessor 26 receives configuration commands from the host 
25 computer 12 and sets appropriate reporting parameters. As mentioned above, the reporting 
parameters may determine whether such information as sensor data, which includes sensor 
readings, values computed from sensor readings, and/or sensor "histories" (i.e., a number of 
previously recorded or computed sensor values), or clock time values are sent to the host 
computer 12 from the status update process 386. The sensor data may include sensor error data, 
30 histories of data describing which buttons have been pressed on the interface device, positions, 
velocities, and/or accelerations of the user object, data from which degrees of freedom will be 
reported to the host computer, and whether data is reported to the host computer in a query or 
stream mode. These configuration options allow the programmer to set up which data the host 
computer will receive from the local microprocessor. For example, if an application requires user 
35 object position data in only one of two provided degrees of freedom, then it is a waste of 
processing time for the microprocessor to be sending information of the unused degree of 
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freedom to the host computer. The programmer can set reporting parameters with configuration 
commands to send only the necessary data to the host computer. 

In next step 396, the process checks if a host command has been received. If not, step 396 
loops continuously until a host command is received. Step 398 is then implemented, in which the 

5 process determines whether the received command(s) is a configuration command. A 
configuration command sets the reporting parameters, as described above. If the command is a 
configuration command, step 400 sets appropriate reporting parameters and/or resets the reporting 
parameters to provide a new configuration during the operation of the interface device. If step 398 
determines that the received command is not a configuration command, then step 398 has detected 

10 a force command which controls force feedback functionality of the interface device 14. Force 
commands include those host commands that provide command parameters that affect the 
internal force parameters (e.g., the host commands shown in Figures 9 and 14). 

In step 402, the force commands and command parameters set force parameters, such as 
those related to implementing a particular force paradigm or model specified by the force 

15 command. Process 388 accesses these force parameters in memory to apply forces using 
actuators 30, as described with reference to Figure 22. As an example, the force command and 
force parameters may designate particular buttons on the interface device 14 and assign a jolt force 
model to each designated button. If a user then presses a designated button, the jolt assigned to 
the pressed button would in turn be activated using whatever force parameters are currently in 

20 memory. An example of force parameters is described below with reference to Figure 23. After 
setting the force parameters, step 402 then transfers control back to step 396 to wait to receive 
another host command. 

In addition, in the preferred embodiment, process 384 also is regularly checking/receiving 
for a "heartbeat" signal from host computer 12 after a predetermined time interval. This signal 

25 would be a safety check to indicate that the host computer is still connected to interface device 14 
and that the host has an "OK" status. If no heartbeat signal is received within the time interval, the 
interface device 14 can deactivate and wait for an initialization command from the host. The 
"heartbeat" signal can be a normal signal or host command, or it can be a signal specifically used 
as a heartbeat signal that the host computer can send if no other signals have been sent within the 

30 time interval. After a signal has been received in step 396, process 384 preferably stores the time 
that the signal was received in a particular memory location. Process 388 can examine this time to 
determine if the interval has been exceeded (described below). 

Figure 20 is a flow diagram illustrating status update process 386 of Figure 18, beginning 
at a step 410. In step 412, the process 386 examines reporting and force parameters set by the 
35 command process 384. Preferably, process 386 examines the reporting and state parameters in 
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memory 17 which have been updated by command process 384. From both the reporting and 
force parameters, step 414 determines which sensors will be read. The force parameters 
determine which sensor data is necessary for the process 388 to compute a force. For example, if 
the force parameters determine that a force needs to be calculated about the x-axis and not the y- 
axis, then the sensor data from the y-axis sensors is not needed to computer forces. The reporting 
parameters determined which sensor data to report to the host computer. Thus, the reporting 
parameters may also specify that y-axis sensor data does not have to be sent to the host computer, 
since the host computer is ignoring that particular data. Thus, since the y-axis data is both not 
being used to compute a force and is not needed by host 12, the microprocessor 26 determines in 
step 414 not to read the y-axis sensors. 

Step 416 determines whether velocity and/or acceleration are always computed. The result 
of this step depends on the particular embodiment that is implemented. In some embodiments, it 
may be simpler and require less processing time if velocity and/or acceleration data are always 
computed, regardless of whether the velocity/acceleration data is needed to compute forces or to, 
be sent to host 12. In other embodiments, the velocity/acceleration data can be computed only if 
such data is necessary to compute force values or if the host 12 requires these values. In yet other 
embodiments, the mode ("always compute" or "compute only when necessary") can be set 
depending on the particular application or other determining factor. 

In an embodiment that always computes velocity and acceleration, step 418 is 
implemented, in which the velocity and/or acceleration values are computed using sensor readings 
and timing data. For example, a history of recorded position values and associated time intervals 
can be used to calculate velocity. The process then continues to step 422. If such an embodiment 
is not being used, then step 420 computes the velocity and/or acceleration values only if 
appropriate. The process 386 can examine the force parameters and reporting parameters, 
similarly as in step 414, to determine if velocity and/or acceleration values should be computed. 

After step 418 or 420, step 422 is performed, in which the process 386 stores in memory 
27 the sensor data and timing data read from sensors 28, clock 29, and computed in step 418 or 
420. The sensor data and timing data may also include data pertaining to other input devices 39, 
e.g., if a button has been pressed (sensor data) and how long a button on the interface device 14 
has been pressed (timing data) so that a button repeat or button hold ("autofire") feature may be 
activated at the proper time. As noted above, process 386 is preferably sharing the 
microprocessor's 26 processing time since multiple processes are running in parallel (multi- 
tasking). In this case, the process 386 may need to wait at step 424 until the microprocessor 26 is 
available or to purposely allow another waiting process to use microprocessor 26. In addition, the 
waiting step may be necessary to write output data to memory 27 at a consistent or slower time to 
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allow force computation process 388 greater flexibility in reading the output data from the 
memory. 

Figure 21 is a flow diagram illustrating reporting process 387 of Figure 18 to report data 
to the host computer, beginning at a step 430. Step 432 determines whether reporting is done in 
5 query or stream mode as specified by the reporting parameters set by command process 384. In 
this discussion, query mode uses an asynchronous reporting method based on requests for 
information from the host computer, and stream mode uses a synchronous reporting method 
based on predetermined time intervals. 

In query reporting mode, step 434 determines whether a request for a report has been 
10 received from host computer 12. The request can be received directly by reporting process 387, 
or, alternatively, the request can be relayed to reporting process 387 through command process 
384. When the request is received, step 436 reports (i.e., sends out) sensor data and timing data 
stored in step 422 in Figure 20 and error information and force values from process 388 to the 
host. The particular data sent out depends on the reporting parameters specified by the 
15 configuration commands and the request received from the host. For example, in some 
embodiments, the host 12 may be able to request particular information. The process then returns 
to step 432 to determine if query or stream mode is being used. Thus, in the described 
embodiment, modes can be switched at any time during data transmission. In alternate 
embodiments, one particular reporting mode may be the only option available. Alternatively, both 
20 modes may be available, but once one mode is selected at the beginning of the operation of 
interface device 14, that mode may not be switched. 

In stream reporting mode, step 438 determines whether the reporting time period has 
expired. Preferably, a standard reporting time period is set when the interface device and host 
computer 12 are first set up. When the time period has expired, step 440 reports data stored in 
25 step 422 in Figure 20 in accordance with the reporting parameters. If time has not expired, the 
process returns to step 432 to again determine the reporting mode. 

Figure 22 is a flow diagram illustrating force algorithm computation and actuator control 
process 388 of Figure 18 beginning at a step 450. Preferably, all forces in each degree of freedom 
are initialized to zero before step 450 at power up or upon receipt of a clear command from the 
30 host computer 12. Thereafter, process 388 would begin at 450 and proceed with step 452. In step 
452, an axis or degree of freedom for which a force is to be applied is selected. Herein, "axis" is 
synonymous with a degree of freedom provided by the interface device 14. If two axes require 
forces to be applied, an axis that has not had a force applied in the current iteration is preferably 
selected in step 452. For example, if forces are required about the x and y axes, and if the force on 
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the x axis was just computed and applied in the previous iteration of the loop, then the y-axis is 
preferably selected. In addition, a total force in the selected axis is initialized to zero in step 452. 

Step 456 computes a force in the selected axis according to the next reflex process selected 
in accordance with the force parameters. This step preferably includes selecting an appropriate 
5 reflex process, retrieving the necessary sensor data, timing data, and other data, and computing a 
force value using the selected reflex process and retrieved data. The reflex process is selected by 
examining the force parameters. The current values of the force parameters reflect the host 
commands that are currently in effect. Since multiple host commands (reflex processes) may 
simultaneously be in effect, the force parameters are examined by process 388 to determine one of 

10 the reflex processes to execute to compute a force. Thus, process 388 can examine the force 
parameters to determine which commands were sent by host computer, and determine which 
reflex process to execute in accordance with those commands. As described above with reference 
to Figure 5, the reflex process can include process steps, equations, force profiles, or other 
combinations of instructions to compute a force from sensor data, timing data, command 

15 parameters, other input data from input devices 39, and/or other related information. The 
, command parameters are reflected in the force parameter values. Process 388 thus retrieves the 
necessary sensor data, timing data, force parameters and/or other data required by the selected 
reflex process to compute a force value. 

In step 458, process 388 adds the force value computed in step 456 to the total force for 
20 the axis initialized in step 452. In alternate embodiments, process 388 may limit the total force 
value or a portion of the total force value computed in step 458. For example, if process 388 is 
keeping track of which force values are condition forces and which force values are overlay 
forces, the process 388 can limit the sum total of condition forces to a predetermined percentage 
of maximum actuator force output, such as 70% of maximum output. This allows some of the 
25 available force range to be used for overlay forces, such as button jolts, vibrations, etc. that may 
applied on top of the condition forces. This limiting is preferably performed after all condition 
forces that are in effect have been computed, so that overlay forces can be applied over the sum of 
all condition forces. Other forces can be limited in alternate embodiments. 

In next step 460, process 388 determines if another reflex process needs to be executed for 
30 the currently selected axis. This would be true if additional host commands are in effect for which 
forces have not yet been computed and added to the total force. If so, the process returns to step 
456 to check the force parameters, execute another reflex process to compute a force, and add that 
force to the total force. If, in step 460, there are no more reflex processes to be executed for the 
selected axis, then total force represents all forces in effect on the selected axis. Total force for the 
35 selected axis is then stored in memory 27 in step 462. 
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In step 464, process 388 determines whether another axis (degree of freedom) needs to 
have a total force value computed. If so, steps 452, 456, 458, 460, and 462 are repeated for other 
axes until the total forces for the other axes are computed and stored. 

If step 464 determines that there are no more axes (degrees of freedom) for which forces 
5 need to be computed, step 466 may limit the total force on each axis. Since the total force on an 
axis computed above may exceed hardware specifications of the interface device, such as actuator 
force output, step 466 sets the total force to lie within the hardware's design range. Step 466 also 
may modify the total force computed above when it may be unsafe to the user as indicated by an 
error flag. For instance, in the preferred embodiment, an error flag may be set if a safety 
10 condition is violated, as described in steps 468-472 below. This causes the output force to be 
zero. In the preferred embodiment, the process 388 applies a smoothly increasing force to user 
object 34 after such a safety condition, since an abrupt jump in force output at the level before the 
safety condition might be dangerous for the user. In step 466, the process 388 can check how 
long ago the error flag was set by examining error timing information, and can limit the total force 
15 in accordance with a smooth ramp function of increasing force. 

Next step 468 applies safety conditions to the total force on each axis resulting from step 
466. Safety conditions may be violated when, for example, safety switch 41 as shown in Figure 1 
is activated, or when a specific command is sent by the host computer 12. When the safety 
conditions are violated, forces on the actuators 30 are sent to zero in step 470. The error flag is 
20 then set in step 472 indicating the violation and timing information is written as to when the error 
occurred. Process 388 then waits in step 474 until the microprocessor 26 is once again ready to 
proceed, similar to step 424 of Figure 20. 

As an additional safety feature, process 388 preferably examines memory 27 to determine 
if the host's "heartbeat" signal has been received within the required time interval. If process 388 
25 determines that the last signal was received outside of the allowed interval, then process 388 
assumes that the host has been disconnected or has had an error. All power to actuators 30 is thus 
turned off as a safety measure until an appropriate initializing command is received from the host. 

If the safety conditions are not violated in step 468, the totai force for each axis is signaled 
to the appropriate actuators 30 to apply corresponding forces on those axes of the user object 34. 
30 In addition, process 388 can send any error information and any force values that have been 
output to reporting process 387, which determines whether to send the data to the host as 
described above (error information is sent to process 387 regardless of safety conditions). 
Preferably, process 388 writes this information to memory where reporting processor 387 may 
retrieve it. Subsequently, process 388 waits at step 474 until the microprocessor 26 is ready. 
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After step 474, the process returns to step 452 to select another axis in a new iteration of force 
computation and application. 

An illustrative application of the implementation 380 is now described with reference to 
Figure 23. In this example, a sluggish force will be applied to the user object 34 by the host 
computer 12 sending a SLUGGISH host command. A restoring spring force using a SPRING 
host command will then be commanded. Both the sluggish and restoring spring force models 
were discussed above under rate control paradigms and are listed in Figure 9. 

The force parameters 480 and 482 in Figure 23 represent locations in memory 27 used to 
store the force parameters for the SLUGGISH and SPRING commands. Preferably, a set of 
locations is similarly allocated to store force parameters for each command implemented by the 
microprocessor 26. The force parameters resulting from each host command 484 sent by the host 
computer 12 is shown. The locations of the sluggish force parameters are labeled by damping 
coefficients (B) for velocity components in positive and negative X and Y directions. Similarly, 
the spring table locations are labeled by spring coefficients (K) in the positive and negative X and 
Y axes and deadband sizes in the X and Y axes. 

Three host commands 484 are illustrated sequentially in Figure 23: 

SLUGGISH(50, X bi) 

SLUGGISH(90. X(+) uni) 

SPRING(65, X bi, 85) 

The two SLUGGISH command parameters 308 are the damping coefficient and style. The 
coefficient is a percentage of a maximum damping coefficient: 50% and 90%. The style 
command parameter in the first SLUGGISH command indicates a bi-directional force on the X 
axis. The style parameter in the second SLUGGISH command indicates a uni-directional force on 
the X axis in the positive direction on that axis. 

The three SPRING force feedback parameters are spring coefficient, style, and deadband. 
The spring coefficient parameter indicates 65% of a maximum spring coefficient. The style 
parameter indicates that the force is bi-directional in the X axis. The deadband is 85% of a 
maximum deadband size. 

A duration command parameter can also be included for each of the host commands 484, 
as shown in Figure 9, to provide the length of time that the command will be in effect. In the 
present example, however, the commands are assumed to be of infinite duration, and thus no 
duration command parameter is shown. The commands can be cancelled, for example, by a clear 
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command from the host. Alternatively, as shown, the commands can be cancelled or changed by 
another command of the same type. 

After the requested interface device information is sent to the host 12 in step 392 in Figure 
19, the host communication and background process 382 receives configuration commands in 
5 either step 394 or step 398. These configuration commands cause appropriate reporting 
parameters to be set. These reporting parameters can be implemented, for example, as flags 
corresponding to each allowed degree of freedom, other input device 39, position/velocity, 
query/stream mode, etc. to indicate whether to report data from those devices to the host (and to 
select modes, when appropriate). For maximum efficiency, the reporting parameters would only 
10 have flags set for the X axis, since Y-axis data is not necessary. However, the Y-axis sensor data 
might be needed by host computer for other reasons, and thus still might have flags set and thus 
be reported to the host. 

Thereafter, the force parameters 480 and 482 are set in step 402 of Figure 19 based on the 
SLUGGISH and SPRING host commands and the command parameters they include, as shown 
15 in Figure 23. The command SLUGGISH(50, X bi) causes step 402 to write "50" in the force 
parameter locations 486 corresponding to x-axis coefficients Bx(+) and Bx(-)- All the remaining 

locations of all the other force parameters are zero, since it is assumed that the first sluggish 
command is the first command received by interface device 14 after power up. 

The other processes 386 and 388 examine the force parameters 480 and 482 (as well as 
20 other force parameters for other reflex processes) and are implemented as shown in Figures 20 ad 
22. Thus, when state update process 386 determines which sensors to be read in step 414 of 
Figure 20, it examines the force parameters 480 and 482 to determine which commands are in 
effect. Since all of the restoring force parameters 482 for the restoring spring force are zero, a 
restoring spring command is not in effect (processes 386 and 388 only actually need to look at a 
25 subset of the force parameters to determine if the command is in effect). However, force 
parameters 480 include two values ("50"), and thus is in effect. Thus, only the x-axis sensors 
need to be read (assuming the host does not need y-axis information, as indicated by the reporting 
parameters). In step 420 (if implemented), process 386 would calculate velocity from the sensor 
readings (and/or a history of sensor readings) and timing data, since the sluggish command 
30 requires a velocity value to compute a force (accelerations are irrelevant in the present example). 

Process 388 would check force parameters 480 and 482 in step 456 of Figure 22. The X 
axis is the only relevant axis to select in step 452. Since force parameters 482 are all zero, process 
388 knows not to execute a restoring spring reflex process. Since force parameters 480 do 
include non-zero values, a sluggish reflex process should be executed. In one example, the reflex 
35 process would include the equation F = BV, where B is the coefficient stored at locations 486a 
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and 486b, and V is the velocity calculated by state update process 386. F is the total force that 
would be output by actuators 30 about the axis. Preferably, all the available host commands have 
force parameters that processes 386 and 388 would similarly check to determine which 
commands are in effect. 

Referring back to Figure 23, the second command SLUGGISH (90, X+ UNI) is sent by 
host computer 12 after the first sluggish command. Since the second SLUGGISH command is 
uni-directional in the positive x-axis, only the first location 486a for the Bx(+) force parameter 

has the new coefficient "90" written over the previous value. The restoring spring force 
parameters are unchanged by the SLUGGISH commands. One way to cancel the first 
SLUGGISH command would be to send a second SLUGGISH command having all command 
parameters equal zero. 

The status update process 386 would operate similarly for the second SLUGGISH 
command as for the first SLUGGISH command. The force algorithm computation and actuator 
control process 388 would operate similarly as well, except that the sluggish reflex process 
selected in step 456 of Figure 22 would compute a different sluggish force for velocities in the 
positive x direction (based on a coefficient of 90) than in the negative x direction (based on a 
coefficient of 50). The process 388 would use the sensor information from status update process 
386 to determine which direction the user was moving the user object and use the appropriate 
coefficient. 

Referring back to Figure 23, the third command sent by host 12 is the SPRING command 
SPRING (65, X BI, 85). Step 402 of Figure 19 thus changes the restoring spring force 
parameters 482 by writing 65 for Kx(+) and Kx(-) and 85 for DB X . The SLUGGISH force 

parameters are unaffected by the SPRING command and thus remain in effect with the previous 
values. Process 388 would execute the sluggish reflex process and compute a force, then execute 
the restoring spring reflex process and compute a force. The restoring spring reflex process could 
be, for example, implemented by the equation F = kx, where k is the spring constant and x is the 
position of the user object with respect to the origin position. The two forces from sluggish and 
spring reflex processes would be added together at step 458. Therefore, the sluggish and restoring 
spring force models are superimposed on the user object 34 after the SPRING command in 
Figure 23. This would create a viscous feel on the user object 34 and simultaneously apply force 
toward the origin position of the user object. 

More generally, for other command sequences not shown in Figure 23, any number of 
force models may be superimposed. For example, two forces could be superposed if the first 
SLUGGISH command were immediately followed by the SPRING command. 
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Alternatively, the three commands shown in Figure 23 can be received by microprocessor 
26 and all the force parameters shown after the SPRING command can be stored as a parameter 
page in memory to form a "force environment." When this force environment was desired to be 
applied to user object 34, the page of force parameters and reporting parameters would be 
retrieved and processed by processes 386 and 388. This can be useful when many different 
commands are desired to be applied simultaneously: The microprocessor would not apply each 
host command as it was received, but would load all the desired force parameters for a force 
environment at once from memory. 

While this invention has been described in terms of several preferred embodiments, it is 
contemplated that alterations, modifications and permutations thereof will become apparent to 
those skilled in the art upon a reading of the specification and study of the drawings. For 
example, many possible types of actuators and sensors can be used in the present invention. 
Also, many types of mechanisms can be included to provide one or more degrees of freedom to 
object 34. In addition, different types of interfaces can be used to connect the host computer to the 
local microprocessor. A wide variety and types of forces can be transmitted to a user object by 
the present invention. Many different types of force models can be implemented in many distinct 
processes running on the microprocessor, only some of which are described herein. In addition, 
the application of reflex processes on a local microprocessor can be implemented in a variety of 
ways. Furthermore, certain terminology has been used for the purposes of descriptive clarity, and 
not to limit the present invention. It is therefore intended that the following appended claims 
include all such alterations, modifications and permutations as fall within the true spirit and scope 
of the present invention. 
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C h A I M S 



1 . A system for controlling an electromechanical interface apparatus manipulated by a 
user, the system comprising: 

a host computer system for receiving an input control signal and for providing a host 
command having at least one command parameter to control forces on a user manipulable object 
of said interface apparatus, wherein said host computer system updates a process in response to 
said input control signal; 

a microprocessor positioned local to said interface apparatus and separate from said host 
computer system for receiving said host command from said host computer system and 
providing a processor output control signal in accordance with said at least one command 
parameter; 

an actuator for receiving said microprocessor output control signal and providing a force 
along a degree of freedom to said user manipulable object in accordance with said microprocessor 
output control signal, said object being coupled to said actuator and being graspable and movable 
by said user; and 

a sensor for detecting motion of said manipulable object along said degree of freedom and 
outputting said input control signal including information representative of the position and 
motion of said object. 



2. A system as recited in claim I wherein said sensor outputs said input control 
signal to said microprocessor, and wherein said microprocessor provides said input control signal 
to said host computer system. 

3. A system as recited in claim 2 wherein said microprocessor implements one of a 
plurality of reflex processes selected in accordance with said host command and said command 
parameters to provide said microprocessor output control signal to said actuator in response to 
said position and motion of said object independently of said host command. 

4. A system as recited in claim 3 wherein a magnitude of said force output by said 
actuator is determined by a force value output in said microprocessor output control signal, said 
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force value being determined by said selected reflex process based on said at least one command 
parameter included in said host command. 

5. A system as recited in claim 4 wherein a direction along said degree of freedom of 
said force output by said actuator is determined by an indication of a direction in said 

5 microprocessor output control signal, said direction being determined by said selected reflex 
process according to said at least one command parameter included in said host command. 

6. A system as recited in claim 5 wherein said at least one command parameter 
includes a magnitude parameter determining a magnitude of said force to be output by said 
actuator. 

10 7. A system as recited in claim 5 wherein said at least one command parameter 

includes a duration parameter determining how long said force output by said actuator is in effect. 

8. A system as recited in claim 5 wherein said at least one command parameter 
includes a direction parameter determining the direction and degrees of freedom of said force 
output by said actuator. 

15 9. A system as recited in claim 5 wherein said at least one command parameter 

includes button parameters which designate a button coupled to said microprocessor and 
determine a magnitude, direction, and duration of a force output by said actuators when said 
button is pressed by said user. 

10. A system as recited in claim 4 wherein said host computer system displays images 
20 on a visual output device and manipulates said images in accordance with a position and a motion 

of said object. 

11. A system as recited in claim 10 wherein said displayed images include a computer 
object in a computer environment directly mapped to a position of said user object, and wherein 
said host command is a position control command operative to cause forces to be output directly 

25 in accordance with the location of said computer object and said user object. 

12. A system as recited in claim 10 wherein said displayed images include a computer 
object in a computer environment, wherein a motion of said computer object is directly mapped to 
a position of said user object, and wherein said host command is a rate control command 
operative to cause forces to be output directly in accordance with a position of said user object in 

30 said degree of freedom and in accordance with a computer environment of said computer object. 

13. A system as recited in claim 10 wherein said displayed images include a computer 
object in a computer environment under control of said user, and wherein said displayed images 
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include a computer object under control of said user, and wherein said host command provides 
local position control to cause output forces to be output in accordance with a location of said 
computer object and said user object, and provides global rate control to cause output forces to be 
output in accordance with said computer environment and said user object. 

14. A system as recited in claim 1 wherein said host computer and said 
microprocessor are coupled together by a serial interface. 

15. A system as recited in claim 14 wherein said serial interface includes a Universal 
Serial Bus interface. 

16. A system as recited in claim 3 wherein said microprocessor and said actuator are 
including in a single housing and are coupled to said host computer by a communication interface. 

17. A method for interfacing a force feedback interface device manipulated by a user 
with a host computer system, the method comprising the steps of: 

providing a user manipulable object included in said force feedback interface device, said 
object having a degree of freedom; 

sensing positions of said object along said degree of freedom with a sensor and producing 
electrical sensor signals therefrom; 

utilizing a microprocessor local to said object to communicate with said host computer 
system to provide said electrical sensor signals to said host computer system and to receive a host 
command from said host computer system, said host command including a command parameter; 
and 

creating a force on said object along said degree of freedom independently utilizing said 
microprocessor and said host command to control an actuator coupled to said object. 



18. A method as recited in claim 17 wherein said step of creating a force on said user 
manipulable object includes the steps of: 

selecting a reflex process by said microprocessor in accordance with said host command; 

outputting microprocessor force commands from said microprocessor to said actuator 
utilizing said reflex process and said electrical sensor signals. 
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19. A method as recited in claim 18 wherein said command parameter is a magnitude 
parameter for controlling a magnitude of said force output by said actuator. 

20. A method as recited in claim 19 wherein said command parameter is a duration 
5 parameter for controlling the time duration of said force applied to said user manipulate object. 

21. A method as recited in claim 19 wherein said command parameter is a direction 
parameter for controlling the direction of said force along a degree of freedom output by said 
actuator. 

22. A method as recited in claim 19 wherein said command parameter indicates a degree 
10 of freedom of said user object in which to apply said force. 

23. A method as recited in claim 19 wherein said command parameter is a deadband 
parameter for indicating the size of a deadband region about an origin position of said user object, 
wherein said force is not applies to said user object in said deadband region. 

24. A method as recited in claim 19 wherein said command parameter includes a button 
15 parameter instructing said microprocessor to read input from a designated button and generate a 

force in response to said designated button being activated by said user. 

25. A method as recited in claim 18 wherein said host command is a position control 
command which instructs said microprocessor to control said force output by said actuator based 
on a position of a computer object on a display screen, said computer object being controlled by 

20 said user manipulable object. 

26. A method as recited in claim 18 wherein said host command is a rate control 
command which instructs said microprocessor to control said force output by said actuator based 
on a velocity of a computer object provided by said host computer and a position of said user 
manipulable object. 

25 27. A method as recited in claim 18 wherein said user manipulable object includes a 

joystick that can be moved by said user in two degrees of freedom. 

28. A method as recited in claim 27 wherein said two degrees of freedom are rotary 
degrees of freedom. 
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30. A method as recited in claim 27 further comprising a step of updating game or 
simulation software implemented by said host computer system in accordance with said position 
signals. 

31. A method as recited in claim 18 wherein said selected reflex process retrieves a 
plurality of stored digital force values and outputs said stored force values to said actuator. 

32. A method as recited in claim 18 further comprising a step of using calibration 
parameters stored in a memory device for adjusting said force consistently with output forces of a 
plurality of other force feedback interface devices having variations in physical properties resulting 
from a manufacturing process. 

33. A method as recited in claim 17 wherein said microprocessor communicates with 
said host computer using a serial interface. 

34. A method as recited in claim 33 wherein said serial interface includes a Universal 
Serial Bus. 

35. A method as recited in claim 17 further comprising a step of utilizing said 
microprocessor to record a history of sensor values read from said sensor. 

36. A method as recited in claim 34 wherein time data is retrieved from said Universal 
Serial Bus interface which is used to determine, in part, said force output on said user object. 

37. A method as recited in claim 34 wherein a power signal is retrieved from said 
Universal Serial Bus interface which is used to power said actuator to output said force. 



38. A force feedback interface device manipulated by a user and communicating with a 
host computer system implementing a host application program, said host computer system 
updating said host application program in response to input signals, said force feedback interface 
device comprising: 

a microprocessor, separate from said host computer system, for communicating with said 
host computer system via a communication bus by receiving a host command from said host 
computer system and implementing said command in a reflex process, and by relaying said input 
signals to said host computer system; 

a user object movable in a degree of freedom by a user and being physically contacted by 
said user; 
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an actuator electrically coupled to said microprocessor for applying a force along a degree 
of freedom to said user object in accordance with a microprocessor force command from said 
microprocessor, said microprocessor force command being derived from said host command, 
said reflex process, and a position of said user object; and 

a sensor electrically coupled to said microprocessor for detecting a position of said user 
object along said degree of freedom and outputting said input signals to said microprocessor, said 
input signals including information representative of said position of said user object. 

39. A force feedback interface device as recited in claim 38 wherein said host 
command instructs said microprocessor to select one of a plurality of reflex processes available to 
said microprocessor, wherein each of said reflex processes instructs said microprocessor to output 
force commands to said actuator and process said input signals from said sensor independently of 
said host computer system. 

40. A force feedback interface device as recited in claim 38 wherein said 
microprocessor calculates velocity or acceleration values from said input signals from said sensor. 

41 . A force feedback interface device as recited in claim 39 further comprising a clock 
provided locally to said microprocessor used to provide timing data used in the calculation of 
velocity and acceleration values from said input signals of said sensor. 

42. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a restoring force reflex process to provide 
restoring forces on said user object in a direction toward an origin position of said user object. 

43. A force feedback interface device as recited in claim 42 wherein said restoring 
forces are constant in magnitude when said user object is positioned outside a region near an 
origin position of said user object, and wherein said restoring forces are near to zero within said 
region near said origin position. 

44. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a vibration reflex process to provide vibration 
forces on said user object. 

45. A force feedback interface device as recited in claim 44 wherein said host 
command includes command parameters to control a frequency and a magnitude of said vibration 
forces. 
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46. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a texture reflex process to provide texture forces 
on said user object, said texture forces being mapped to a position along said degree of freedom. 

47. A force feedback interface device as recited in claim 46 wherein said host 
command includes a command parameter specifying a spatial density of said texture forces along 
said degree of freedom. 

48. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a barrier reflex process to provide a barrier force 
on said user object based on the position of said user object. 

49. A force feedback interface device as recited in claim 48 wherein said barrier force 
is removed after said user object is moved a snap distance past said barrier force. 

50. A force feedback interface device as recited in claim 49 wherein a location of said 
barrier force along said degree of freedom is specified by a command parameter included in said 
host command. 

51. A force feedback interface device as recited in claim 48 wherein said barrier force 
simulates a virtual obstruction, such that when a computer controlled object moves into said 
virtual obstruction in said host application, said barrier forces are output according to said barrier 
reflex process. 

52. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a force field reflex process to provide attractive 
or repulsive forces on said user object depending on said position of said object. 

53. A force feedback interface device as recited in claim 52 wherein a location of a 
field origin position determines at what positions of said user object said forces are applied, said 
origin location being specified in a command parameter included with said host command. 

54. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a jolt reflex process to provide a jolting force on 
said user object for a limited duration. 

55. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a damping reflex process to provide damping 
forces on said user object, said damping force being dependent on a velocity of said user object. 
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56. A force feedback interface device as recited in claim 55 wherein a command 
parameter included with said host command specifies whether said damping force is applied bi- 
directionally or uni-directionally along said degree of freedom. 

57. A force feedback interface device as recited in claim 39 wherein said host 
5 command instructs said microprocessor to select a groove reflex process which instructs said 

microprocessor to provide forces on said user object to simulate a physical groove. 

58. A force feedback interface device as recited in claim 57 wherein a command 
parameter included with said host command specifies an orientation of said groove. 

59. A force feedback interface device as recited in claim 57 wherein a command 
10 parameter included with said host command includes a snap distance for said groove, such that 

when said user object exceeds said snap distance, said forces of said groove are removed. 

60. A force feedback interface device as recited in claim 39 wherein said host 
command instructs said microprocessor to select a paddle reflex process which instructs said 
microprocessor to provide forces on said user object in accordance with a user controlled paddle 

15 displayed by said host computer system, said paddle compressing from contact with other 
displayed objects and movable by said user to provide force on said other displayed objects. 

61. A force feedback interface device as recited in claim 60 wherein said host 
command includes a command parameter controlling a simulated compliance of said simulated 
paddle. 

20 62. A force feedback interface device as recited in claim 60 wherein said 

microprocessor calculates said forces in accordance with said paddle and said other displayed 
objects, wherein said microprocessor reports positions of said paddle and said other displayed 
objects to said host computer periodically. 



25 63. A computer readable medium including program instructions for providing force 

feedback to a user-manipulable object of an interface device and for communicating with a host 
computer system implementing a host application program, said program instructions performing 
steps comprising: 

receiving a host command on a microprocessor local to said interface device and separate 
30 from said host computer system; 
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processing said host command and storing force parameters derived from said host 
command; 

receiving sensor data from sensors describing a motion of said user object of said interface 

device; 

5 computing a force value using a reflex process selected in accordance with said force 

parameters and said sensor data; and 

outputting a force on said user object utilizing actuators coupled to said user object, said 
force corresponding to said force value. 

64. A computer readable medium as recited in claim 63 wherein said host command 
10 includes at least one command parameter, and wherein said force parameters are derived from 

said host command and said at least one command parameter. 

65. A computer readable medium as recited in claim 64 wherein said step of storing said 
force parameters includes providing a set of force parameter memory locations for each host 
command which can be sent by said host computer, and writing said force parameters for said 

15 received host command in said force parameter memory locations that correspond to said received 
host command. 

66. A computer readable medium as recited in claim 64 wherein said sensor data includes 
position data describing a position of said user object in a provided degree of freedom. 

67. A computer readable medium as recited in claim 66 further comprising a step of 
20 determining velocity values from said position data. 

68. A computer readable medium as recited in claim 67 wherein said step of receiving 
sensor data includes receiving velocity data from said sensors, said sensors being velocity 
sensors. 

69. A computer readable medium as recited in claim 64 wherein said force value is 
25 dependent on said sensor data. 

70. A computer readable medium as recited in claim 64 wherein said force value is 
dependent on said at least one command parameter. 

71. A computer readable medium as recited in claim 64 wherein said force value is 
dependent on input from a button provided on said interface device. 
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72. A computer readable medium as recited in claim 69 further comprising a step of 
reading timing data from a clock and using said timing data to calculate said force value. 

73. A computer readable medium as recited in claim 69 wherein said step of computing a 
force value is performed for each provided degree of freedom of said user object. 

74. A computer readable medium as recited in claim 73 wherein said step of computing a 
force value is performed for a plurality of host commands that are simultaneously in effect, and 
wherein a total force value is computed by adding said force values from each of said host 
commands in effect. 

75. A computer readable medium as recited in claim 63 further comprising a step of 
reporting said sensor data to said host computer system. 

76. A computer readable medium as recited in claim 75 wherein only sensor data required 
by said host computer system is reported to said host computer system. 

77. A computer readable medium as recited in claim 76 wherein said host command is a 
configuration command which determines which sensor data is reported to said host computer. 

78. A computer readable medium as recited in claim 76 wherein said host command is 
a configuration command which determines a rate at which sensor data is to be reported to said 
host computer. 

79. A computer readable medium as recited in claim 63 further comprising a step of 
checking for a violation of a safety condition before outputting said force. 

80. A computer readable medium as recited in claim 79 further comprising a step of 
removing all output force when said violation occurs, and wherein when said safety condition is 
no longer violated, said force is gradually reapplied to said user object over time. 

81. A computer readable medium as recited in claim 63 wherein a plurality of said 
received host commands are stored as said force parameters in memory as a force environment, 
said force environment being retrievable when forces are to be output on said user object in 
accordance with said plurality of received host commands. 

82. A computer readable medium as recited in claim 79 further comprising a step of 
creating one of said force environments using incoming host commands while a different, 
previously-created force environment is used to apply said force to said user object. 
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83 A computer readable medium as recited in claim 64 wherein said step of computing a 
force value includes limiting said force value so that other forces may be overlaid on said output 
force. 



84. A processing apparatus coupled to an interface device that provides force feedback to 
a user-manipulable object coupled to said interface device and which communicates with a 
separate host computer system, said processing apparatus comprising: 

a command processor for receiving a host command from a separate host computer 
system, said host command including a command parameter, and for processing said host 
command and storing force parameters derived from said host command and said command 
parameter; 

a status update processor for receiving sensor data from sensors describing a motion of 
said user object of said interface device; and 

a force output processor for computing a force value using a reflex process selected in 
accordance with said force parameters and said sensor data, said force output processor outputting 
a force on said user object utilizing actuators coupled to said user object, said force corresponding 
to said force value. 



85. A processing apparatus as recited in claim 84 wherein a set of force parameter 
locations for each host command which can be sent by said host computer are stored in a memory 
device, and wherein said force parameters for said received host command are written in said 
force parameter locations corresponding to said received host command. 

86. A processing apparatus as recited in claim 84 wherein said force value is dependent 
on said sensor data and said command parameter. 

87. A processing apparatus as recited in claim 84 further comprising a reporting 
processor for reporting said sensor data to said host computer system. 

88. A processing apparatus as recited in claim 86 wherein said reporting processor only 
reports sensor data required by said host computer system. 

89. A processing apparatus as recited in claim 84 wherein said force output processor 
selects a reflex process for a plurality of host commands. 
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90. A processing apparatus as recited in claim 84 wherein said status update processor 
receives input data from a button provided on said interface device. 

91. A system for controlling an electromechanical interface apparatus manipulated by a 
user, the system comprising: 

a host computer system for receiving an input control signal and for providing a host 
output control signal, wherein said host computer system updates a process in response to said 
input control signal; 

a microprocessor local to said interface apparatus and separate from said host computer 
system for receiving said host output control signal from said host computer system and 
providing a processor output control signal; 

an actuator for receiving said processor output control signal and providing a force along a 
degree of freedom to a user manipulable object coupled to said actuator in accordance with said 
processor output control signal; 

a sensor for detecting motion of said manipulable object along said degree of freedom and 
outputting said input control signal including information representative of the position and 
motion of said object. 

92. A system as recited in claim 91 further comprising a clock coupled to said host 
computer system, wherein said clock is accessed to determine, at least in part, said force provided 
by said actuator; and 

93. A system as recited in claim 92 wherein said sensor outputs said input control signal 
to said microprocessor, and wherein said microprocessor provides said input control signal to said 
host computer. 

94. A system as recited in claim 92 wherein said host output control signal output by said 
host computer is a force command that is relayed directly to said actuator by said microprocessor. 

95. A system as recited in claim 93 wherein said microprocessor is operative in a reflex 
process to provide said microprocessor output control signal to said actuator in response to said 
position and motion of said object independently of said host output control signal. 

96. A system as recited in claim 95 wherein said host output signal is a high level 
command from said host computer system, and wherein said microprocessor implements one of 
a plurality of local processes selected in accordance with said high level command to implement 
said reflex process. 
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97. A system as recited in claim 96 wherein said host computer can override said reflex 
process such that said host output signal includes a force command that is relayed directly to said 
actuator by said microprocessor. 

98. A system as recited in claim 93 wherein said object is grasped and moved by said 

user. 

99. A system as recited in claim 98 wherein said object includes a joystick. 

100. A system as recited in claim 99 wherein said joystick can be moved by said user in a 
plurality of degrees of freedom, and wherein said system further comprises an actuator for 
providing a force along a degree of freedom of said object, and a sensor for detecting motion of 

10 said object in said degree of freedom for each of said plurality of degrees of freedom. 

101. A system as recited in claim 97 further comprising a serial interface for outputting 
said host output control signal from said host computer system and for receiving said input 
control signal to said host computer system 

102. A system as recited in claim 93 further comprising a parallel interface for outputting 
15 said host output control signal from said host computer system and for receiving said input 

control signal to said host computer system. 

103. A system as recited in claim 101 further comprising an additional interface for 
providing said input signal to said host computer system through a game port of said host 
computer system. 

20 104. A system as recited in claim 93 wherein said actuator is a servo motor or a voice 

coil. 

105. A system as recited in claim 93 wherein said process updated by said host computer 
system includes simulation software or game software. 

106. A system as recited in claim 105 wherein said host computer system includes a 
25 display device for displaying a view of a video game implemented by said game software to said 

user, wherein said user can interact with said video game by manipulating said object. 

107. A system as recited in claim 93 wherein said clock is coupled to said 
microprocessor, wherein said microprocessor accesses said clock to determine, at least in part, 
said force provided by said actuator. 
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108. A method for controlling a force feedback interface device manipulated by a user, the 
method comprising the steps of: 

outputting a high level host command from a host computer system to a microprocessor 
local to said force feedback interface device and separate from said host computer system, said 
high Jeve! host command instructing said processor to select one of a plurality of force sensation 
processes available to said microprocessor; 

inputting a position signal to said microprocessor from a sensor included in said force 
feedback interface device, said position signal including information representative of the position 
and motion of an object of said interface device grasped by said user, wherein said position signal 
is read from said sensor by said microprocessor according to said force sensation process 
independently of said host computer system and is sent to said host computer system from said 
microprocessor; 

outputting a microprocessor force command from said microprocessor to an actuator, said 
microprocessor force command being output according to said force sensation process 
independently of said host computer system; 

providing a force from said actuator to said object grasped by said user, wherein a 
direction and a magnitude of said force is in accordance with said microprocessor force 
command; and 

109. A method as recited in claim 108 further comprising overriding, when appropriate, 
said force sensation process by outputting a high level host command from sad host computer 
system that includes a force command relayed directly to said actuator by said microprocessor. 

1 10. A method as recited in claim 109 wherein a high level host force command is output 
by said host computer system when a change in a type of said force on said object is required, 
said change being based on, at least in part, a software process implemented by said host 
computer system. 

1 1 1. A method as recited in claim 1 10 wherein said change is additionally based on said 
electrical sensor signals and timing information provided by a clock coupled to said 
microprocessor. 

1 12. A method as recited in claim 1 1 1 wherein said type of said force includes one of the 
group consisting of spring force, damping force, and inertia force. 

113. A method as recited in claim 109 further comprising a step of said host computer 
system outputting audio feedback to said user when an audio event occurs in a host application 
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program, said audio feedback being output in synchronization with said output of said force 
within a tolerance of about 30 milliseconds when said force is desired to correspond to said audio 
event. 

1 14. A method as recited in claim 1 13 wherein said onset of said audio feedback occurs 
5 within about 30 milliseconds of an onset of said corresponding force, and wherein said audio 

feedback has an amplitude in direct proportion to a magnitude of said force. 

1 15. A method as recited in claim 109 wherein said host computer system outputs visual 
images on a display screen according to visual events in a host application program, said visual 
events being synchronized with said output of said force within a tolerance of about 30 

10 milliseconds when said force is desired to correspond to said visual event. 

1 16. A method as recited in claim 109 wherein said object includes a joystick that can be 
moved by said user in at least two degrees of freedom. 

117. A method as recited in claim 109 further comprising a step of updating game or 
simulation software implemented by said host computer system in accordance with said position 

15 signal and displaying images on a visual output device and manipulating said images in 
accordance with said position signal. 

1 18. A method as recited in claim 1 17 wherein said host computer receives said position 
signal and outputs said host force command signal using a serial interface. 

1 19. A method as recited in claim 118 wherein said serial interface is a Universal Serial 
20 Bus (USB) interface. 

120. A method as recited in claim 109 wherein said force sensation process determines a 
magnitude of said force to be provided by said actuator. 

121. A method as recited in claim 120 wherein said magnitude of said force is 
determined, at least in part, from a position of said object along said degree of freedom. 

25 122. A method as recited in claim 120 wherein said magnitude of said force is 

determined, in part, from a position and a velocity of said object moving along said degree of 
freedom. 

123. A method as recited in claim 120 wherein said magnitude of said force is 
determined, in part, from an acceleration of said object along said degree of freedom. 
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124. A method as recited in claim 120 wherein said magnitude of said force is 
determined, in part, from a clock providing timing information for said force commands. 

125. A method as recited in claim 120 wherein said magnitude of said force is 
determined, in part, from input data provided by a button input device included in said force 

5 feedback interface device. 

126. A method as recited in claim 120 wherein said magnitude of said force is 
determined, in part, from a position signal input from a second force feedback interface device 
coupled to said host computer system and interacting with a host application program 
implemented by said host computer system. 

10 127. A method as recited in claim 118 further comprising a step of using calibration 

parameters stored in a memory device for adjusting said force consistently with output forces of a 
plurality of other force feedback interface devices having variations in physical properties resulting 
from a manufacturing process. 

128. A force feedback interface device manipulated by a user and communicating with a 
15 host computer system implementing a host application program, said host computer system 

updating said host application program in response to input signals, said force feedback interface 
device comprising: 

a user object movable in a degree of freedom by a user and being physically contacted by 
said user; 

20 an actuator for applying a force along a degree of freedom to said user object in accordance 

with a force command from said host computer system, said force command being received by 
said force feedback interface device via a first serial interface; and 

a sensor for detecting a position of said user object along said degree of freedom and 
outputting said input signals to said host computer system via a second serial interface separate 
25 from said first serial interface and coupled to a game port of said host computer system, said input 
signals including information representative of said position of said user object. 

129. A force feedback interface device as recited in claim 128 further comprising a 
microprocessor, separate from said host computer system, for communicating with said host 
computer system via said first and second serial interfaces by receiving said force command from 

30 said host computer system, wherein said actuator is coupled to said microprocessor for applying a 
force along a degree of freedom to said user object in accordance with a microprocessor force 
command from said microprocessor, said microprocessor force command being derived from 
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said host force command, and wherein said sensor is electrically coupled to said microprocessor, 
to output said input signals to said microprocessor, and wherein said microprocessor sends said 
input signals to said host computer system. 

130. A force feedback interface device as recited in claim 129 wherein said force 
5 command is a high level command instructing said microprocessor to select one of a plurality of 

force subroutines available to said microprocessor, wherein each of said force subroutines 
instructs said microprocessor to output force commands to said actuator and input position signals 
from said sensor independently of said host computer system. 

131 . A force feedback interface device as recited in claim 129 further comprising a gimbal 
10 mechanism coupled to said user object to provide said degree of freedom, wherein said gimbal 

mechanism includes a closed loop five member linkage. 

132. A force feedback interface device as recited in claim 129 further comprising a slotted 
yoke mechanism coupled to said joystick, said slotted yoke mechanism providing at least two 
degrees of freedom to said object. 

15 133. A method for interfacing motion of an object with a host computer system, the 

method comprising the steps of: 

providing an object having a degree of freedom; 

sensing positions of said object along said degree of freedom with a sensor and producing 
electrical sensor signals therefrom; 

20 creating a force on said object along said degree of freedom by controlling an actuator 

coupled to said object, including retrieving a force profile including a plurality of stored digital 
force values from a memory device and outputting said retrieved force values to said actuator to 
output corresponding forces on said object. 

134. A method as recited in claim 1 33 wherein said step of creating a force on said object 
25 further includes utilizing a microprocessor separate from said host computer system to 

communicate with said host computer system to provide said electrical sensor signals to said host 
computer system, receive host force commands from said host computer system, and output 
force commands to said actuator. 

135. A method as recited in claim 134 wherein said microprocessor retrieves said force 
30 profile and outputs said retrieved force values to said actuator. 
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136. A method as recited in claim 133 wherein said host computer retrieves said plurality 
of stored digital force values and outputs said retrieved force values to said actuator. 

137. A method as recited in claim 133 wherein said stored digital force values are output 
to said actuator based on timing information provided by a system clock. 

138. A method as recited in claim 133 wherein said stored digital force values are output 
to said actuator based on said electrical sensor signals. 
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